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1.  Purpose  of  study 

At  present  there  are  two  processes  in  use  for  the  production  of 
aydraoine,  the  Raschig  ammonia  and  the  urea  hypochlorite  method  with  either 
caustic  dehydration  or  ammonolysisVto  get  an  anhydrous  product.  As  potential 
processes  may  be  listed  the  oxidation  of  ammonia  by  air,  nitrous  cxidc  or 
chlorine,  the  decomposition  of  bi3nitroso-iso-butylene  chloride  and  electric 
discharge  processes.  It  was  the  purpose  of  the  study  made  t.o  find  out  if 
the  formation  of  hydrazine  from  ammonia  in  a glow  discharge  could  be 
utilized  for  its  production  on  a large  scale.  Among  the  more  important 
factors  to  be  considered  were  yield  of  hydrazine  per  KWH,  degree  of 
ammonia  decomposition,  and  conversion  per  pass  and  sufficient  reactor  size. 

June  1953 


CONFIDENTIAL 


Security  Inforrna tion 


c 


ONTIWINT 


St  •;  uriiy  5nfor*nahou 


ABSTRACT 

A short  review  is  given  of  work  ; erfomed  under  the  contract  fr">»  its 

inception  to  its  finishr  As  final  conclusion  it  is  recommended  that: 

1)  an  engineering  study  cf  collected  data  be  made. 

2)  proposed  designs  for  large  reactors  be  critically  reviewed* 

3)  some  measurements  he  made  with  amovda  flows  in  the  range  ?-6  CFK 

or  higher  under  flow  conditions  adjusted  to  give  high  yield  and 
high  degree  of  conversion.. 

h ) a limited  study  be  made  of  yield  and  conversion  obtainable  with 
electrodeless  discharges  using  reactors  with  dielectrics  having 
high  dielectric  constants. 
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2o  Review  of  work  completed  during  the  first  year  at  the 
Mellon  Institute  in  Pittsburgh 

Introduction  At  the  time  the  study  of  the  formation  of  hydrazine  was 
started  we  worked  entirely  with  relatively  small  anmonia  flows,  small 
reactors  and  low  power  inputs.  Towards  the  end  of  the  first  year  we  began 
to  increase  the  general  level  of  the  ammonia  flow  rate,  the  size  of  the 
reactors  and  the  power  consumption  in  the  discharge.  The  limit  of  the 
capacities  of  our  flow  systems  and  power  supply  was  s>on  reached  and  the 
difficult  problem  of  the  design  of  reactors  that  could  be  enlarged  in 
size  more  or  less  at  will,  which  would  be  a prerequisite  for  a worthwhile 
process,  had  to  be  deferred  to  the  future. 

Experimental  methods  and  types  of  reactors  used  A short  summaiy  should  be 
sufficient.  The  simplest  method  of  handling  ammonia  flows  of  a few  up  to 
about  a hundred  liters  .per  minute  with  the  vacuum  pumps  available  at  the 
time ■ consisted  of  complete  absorption  of  the  ammonia  in  sulfuric  acid  of 
suitable  concentration.  The  apparatus  built  for  the  purpose  allowed  taking 
a large  number  of  samples  over  an  extended  period  of  time.  The  amount  of 
hydrazine  present  in  each  sample  was  determined  iodometrically  using  the 
method  of  Awdrieth.  A continuous  hydrazine  analyzer  utilizing  the  heat 
developed  when  hydrazine  vapor  contacts  a palladium  catalyst  was  built, 
rut  it  was  found  to  be  unstable  and  sufficient  time  to  stud}  its  behavior 

* V- 

in  detail  was  not  available. 

The  main  DC  power  supply  employed  was  an  RA-38  full  wave  rectifier 
which  gave  a carefully  filtered,  smooth,  high  voltage  current.  A 
enerator  for  the  production  of  pulsed,  high  voltage  DC  current  was  developed. 
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The  amplitude,  uidth  md  : y i t ; t ; or.  r?le 
thereby  offering  as  much  fiexibil: as  pc 
As  source  of  high  voltage  60  cycle  AC  eit.h 
phase  7.5  KVA  t rar.sformer  was  e;.r.  loyedo  T 


; t : ..Ise  were  ccr.troliable 
ssu,!e  within  reasonable  limits, 
er  an  X-ray  or  a tapped  single 
r.e  different  types  of  reactors 


built  and  tried  out  may  te  isted  as  follows: 

1.  Magnetically  dispensed  discharges  between  stationary  or  rotating 
electrodes  of  different  forms  with  the  magnetic  field  at  right 
angle  to  the  discharge  and  the  ammonia  flow  taking  place 

a)  at  right  angle  to  the  longer  axis  of  the  cress  section 
of  the  field  giving  a short  path  and  contact  time. 

parallel  to  the  longer  axis  of  the  cross  section  of  the 
field  giving  a relatively  long  pain  and  contact  time. 

c)  in  the  direction  of  the  field  as  accomplished  by  using 
a porous  plate  and  giving  a short  path  in  the  discharge. 

2.  Discharge  between  stationary  point  electrodes  with  the  gas 
admitted  and  leaving  the  discharge  camber  through  long 
narrow  sills. 

3.  Discharge  between  perforated  large  plane  electrodes  through 
a thin  porous  plate  inserted  between  them. 

h.  Discharge  between  a large  number  of  sharp  points  and  a plane 
continuous  metal  surface  or  a wire  net„ 

5.  Discharge  t-etwee..  stationary  point  electrodes  through  long, 
narrow  water-coo:. led  glass  tubes „ 

a)  using  smooth  boro  tubes.  Em  - oyeu  for  all  kinetic  studies 

b)  with  helically  flute;:  tubes  ar;u  other  forn.s 

c)  with  addition  of  solvent  spra^," 

6.  Discharge  in  microwave  cavities  at  wave  lengths  of  1.25  and 
and  3.70  cm. 

. Discharge  between  stationary  ring  electrodes  in  a conical 
cyclone. 
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Leasurements  were  .uabe  with  a.l  these  different  types  f reactors  except 
the  last  one-  The  microwave  cavity  ceil  with  a wave  length  of  1,25  cm. 
did  not  produce  any  hydrazine,  but  in  all  other  cases  some  yield  was  found. 
The  all  glass  reactors  were  simplest  and  cheapest  to  make  and  could 
evidently  also  be  fashioned  as  the  most  efficient  ones. 


Experimental  results  A few  experiments  established  very  soon  that  the 
yield  of  hydrazine  per  KWH  obtainable  with  60  cycle  AC  glow  discharges 
were  considerably  lower  than  those  measured  with  either  straight  or 
pulsed  DC  which  latter  were  both  of  the  same  order  cf  magnitude.  The  yield 
obtained  per  KWH  did  not  vary  with  considerable  changes  in  the  temperature 
of  the  reacting  system.  The  reactor  was  placed  inside  a large  cold  box, 
the  temperature  of  whicn  could  be  controlled  accurately  down  to  - hO°c. 

The  cooling  liquid  for  the  reactor  was  circulated  at  a high  rate  through 
relatively  large  finned  ref rigerator  type  heat  exchangers. 


To  study  the  rate  of  formation  and  decomposition  of  hydrazine  in  an 
electric  discharge  the  following  reactions  were  assumed  to  take  place: 

1)  2 H3N  2 m2+  H2;  2)  2 NHj  3)  H^Kg  2Hj4 


It  was  further  assumed  that  A)  all  three  reactions  were  monomolecular 
in  nature  and  B)  reaction  2)  is  very  fast  when  compared  with  reaction  1). 
Since  the  rate  of  decomposition  of  hydrazine  was  very  much  larger  than 
Its  rate  of  formation  we  could,  without  making  an  appreciable  error,  use 
the  following  eauation  for  its  computation: 
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where  y1  and  represent  the  hydrazine  yield  obtained  at  times  t^  and  t^ 

respectively.  Introducing  the  value  of  k2  found  by  successive  approximation 
in  the  expression  for  y1 : 


a \ . ( «-kf-  - 

k2  - kx 

where  a is  the  initial  ammonia  concentration  and  k^  the  rate  of  formation 
of  hydrazine;  the  value  of  the  latter  could  also  be  computed. 

The  experimental  data  required  were  obtained  with  a tapped  glass 
reactor  like  the  one  shown  in  Fig,  I.  The  gas  samples  were  withdrawn  from 
the  reactor  tube  at  the  evenly  spaced  outlet  points  and  condensed  ir. 
liquid  air.  Table  I.  gives  a summary  of  some  data  obtained  with  this 
tapped  reactor.  As  illustrated  in  Fig.  2,  the  rate  of  formation  increases 
rapidly  with  the  power  input  or  the  ammonia  flow  rate,  indicating  best 
power  yields  are  obtained  at  highest  space  velocities.  Fig.  3 shov/s  the 
variation  of  both  the  rates  of  formation  and  decomposition  and  the  change 
of  their  ratio  with  the  power  input.  The  most  striking  result  obtained 
is  '.undoubtedly  that  rates  of  formation  and  decomposition  follow  each 
oVior  f airly  well  and  rive  a ratio  that,  like  the  amount  of  ammonia 
converted  into  hydrazine,  is  practically  independent  of  the  power  input. 
However,  as  the  latter  increases  the  amount  of  ammonia  decomposed  also 
increases  while  the  yield  of  hydrazine  per  KWH  rapidly  decreases. 
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RATE  OF  DECOMPOSITION 


Table  I.  Hyurazine  Yields  in  Mols/ec  x 10^  as  Obtained  with  a DC  Discharge 
in  a Tapped  Reactor  of  8 ram  ID  at  Different  Ammonia  Flow 
Velocities 


5 lit./raix. 

• 

10 

lit./«in. 

Point 

from  cathode 
( inches) 

h 

Time 

millisee. 

HhN2 

yield 

Time  Hj^Ng 

millisee.  yield 

i 

1.61 

8.3 

0.81 

9.9 

2 

7 

2.82 

10.9 

1-lal 

12.8 

3 

10 

1».02 

12.1a 

2.01 

lla.la 

14 

12 

U.8U 

12.5 

2.1o2 

15.9 

5 

Hi 

5.61a 

12.8 

2.82 

16.9 

6 

16 

6.U1* 

13.8 

3.22 

17.7 

M 

1 

18 

7.2U 

Ha. 6 

3.62 

18.7 

a 

20 

8.0la 

(18.1) 

la. 02 

(23.2) 

15  lit. /min 

20 

lit. /min 

1 

h 

0.514 

10.7 

O.laO 

9.9 

2 

7 

C.9la 

13.5 

0.70 

lla.2 

3 

10 

1.31 

15.1a 

1.00 

17.6 

12 

l*fcl 

16.  la 

1.21 

19.5 

5 

111 

1.80 

13.1 

l.lal 

21.1a 

6 

16 

2.15 

19 » 2 

1.61 

23.7 

7 

18 

2. ial 

ly  .la 

1.81 

26.0 

3 

20 

2.68 

(22.6) 

2.01 

(22.7) 

Ail  data  were  corrected  to  an  average  pressure  of  2la  ram  Hg  and  an  average 
gas  temperature  of  ?0°C  was  assumed. 


Table  la.  Va  . ees  for  Yield,  bates  of  Formation  arid  decomposition  of 
Hydrazine  'n  a DC  Discharge  au  Different  ;r.ionia  flow 
velocities  as  Conputed  from  the  Data  in  Table  I. 

Hydrazine  Yield  Moles/cc  x 10^° 


Tine  in 


millisec.  c lit. /min. 

10  lit./mir.. 

15  lit./min.  20 

lit./min. 

0.5 

6.5 

8.8 

11.3 

1.0  6.6 

10.7 

1U.U 

18.3 

1.5 

13.3 

17.8 

22.0 

2.0  9.8 

15.0 

20.1 

25.2 

3.0  11.5 

16.8 

22.3 

27.8 

U.O  12.3 

17. U 

23.2 

28.8 

5.0  12.7 

17.8 

23.5 

29.1 

6.0  12.9 

17.8 

23.7 

29.2 

3.0  12.9 

17.8 

23.7 

29.2 

ki  (formation) 

0.76 

1.35 

1.85 

2.37 

ko  (deconpr..) 

700 

900 

930 

960 

Hydrazine  yield, 
gr./KWH 

5.2 

6.1 

6.1 

5.0 

rower  input, 
watts 

150 

280 

390 

535 

Current, 

milliaap. 

30 

39 

43 

50 

Total  conversion, 
per  cent 

0.36 

0.37 

0.35 

0.30 

The  power  input  for  the 

electric  discharge  was 

at  all  times  held 

close 

to  the  minimum  sustaining  energy  required. 


Figure  3 


As  a general  conclusion,  to  obtain  maximum  hydrazine  yields  and  least 
amount  of  destruction  of  the  ammonia  the  discharge  must  be  operated  as 
ciuoeiy  as  possioie  at  minunum  sustaining  energy. 

In  the  evaluation  of  a discharge  process  for  the  synthesis  of  hydrazine 
the  influence  of  its  decomposition  products  on  the  yield  should  be 
considered.  Using  a tapped  reactor,  it  was  fwunu  tliat  when  present  in 
small  quantities  neither  hydrogen  nor  nitrogen  had  any  larger  influence 
on  the  hydrazine  yield.  Even  the  presence  of  St  of  a highly  reactive  gas 
like  oxygen  did  not  seem  to  have  ary  appreciable  effect  on  the  yield. 

Larger  quantities  of  nitrogen  and  hydrogen  apparently  acted  as  diluents 
only.  The  data  obtained  seemed  to  indicate  that  the  ammonia  gas  could  be 
passed  through  a series  of  reactors  before  it  was  necessary  to  remove  the 
npmanent.  gases  formed  and  provided  the  hydrazine  content  is  stripped  out 
between  each  stage.  If,  let  us  say,  the  content  of  permanent  gases  in  the 
ammonia  inci cased  Q.S%  pur  pasr  and  a total  of  St  could  be  tolerated  we 
would  need  to  liquefy  the  ammonia  ana  bleed  off  these  gases  at  every  tenth 
pass  only. 


A iarge  amount  of  work  was  done  on  hydrazine  yield  as  a function  cf 
reactor  design.  Gome  measurements  with  a tapped,  tubular  reactor  having 
an  inner  diameter  of  10  nm  seemed  to  show  that  the  layers  of  gas  close 
to  the  wall  were  practically  undisturbed  by  the  discharge  and  reacted 
ooly  u a slight  extent.  To  obtain  bettor  contact  between  the  discharge 
and  the  entire  gas  volume  a series  of  reactors  having  walls  with  different 
types  of  protrusions  and  cavities  but  otherwise  of  identical  size  were 
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made  up,  but  none  of  their,  gave  any  distinct  advantage  over  one  with  smooth 
walls.  However,  considerable  improvement  was  obtained  when  the  reactor 
walls  were  fluted  helically,  and  hydrazine  yields  of  over  20  grans  per  KWH 
were  measured  witn  a reactor  of  this  type. 

As  a result  of  the  work  performed  during  the  first  year  it  has  been 
established:  1)  hydrazine  is  produced  from  ammonia  in  electric  discharges 
of  practically  any  frequency,  2)  the  yields  may  appear  to  be  highest  for 
pure  DC  current  but  comparable  values  were  also  found  at  frequencies  of  a 
few  megacycles,  3)  the  yield  is  not  affected  by  considerable  variations 
in  operating  temperature,  !*)  the  yield  is  larger  the  higher  the  discharge 
potential  and  the  lower  the  current,  5)  the  yield  did  not  seem  to  be 
affected  by  the  presence  of  moderate  amounts  of  neutral  gases  like 
and  0^,  6)  the  "ate  of  decomposition  of  hydrazine  in  the  discharge  is 

about  500  times  larger  than  its  rate  of  formation,  limiting  sharply  the 
degree  of  ammonia  conversion  attainable. 

Review  of  Work  Completed  at  the  Naval  Powder  Factory 

As  the  size  of  the  reactors  and  the  power  input  increased  the  disposal 
of  the  largo  quantities  of  ammonia  handled  became  a decided  problem,  which 
was  mainly  rp'-nonsib] e for  moving  the  project.  Sefore  work  could  be 
started  at  Indian  Head  it  was,  however,  necessary  to  build  and  test  a 
new  high  voltage  DC  power  supply  and  control  circuit  with  sufficient 
capacity  to  handle  all  our  foreseeable  needs.  Also  the  ammonia  flow  system 
had  to  be  increased  in  size  to  take  care  of  relatively  large  flows  in  the 

*1 3 
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A considerable  numoer  of  measurements  were  carried  out  with  a series  of 
helically  fluted,  water-cooled  tubular  reactors  of  different  sizes.  As  a 
general  conclusion  it  was  l'cund  that  they  were  unsuitable  as  oasis  for 
the  design  of  really  large  reactors.  With  increasing  inner  diameter  both 
yield  and  degree  of  ammonia  conversion  dropped  off  fast.  A reactor  in 
which  the  ammonia  flow  was  guided  to  follow  the  contour  of  a wavy  conical 
cavity  was  also  built,  but  it  failed  to  stand  up  under  the  influence  of  the 
electrical  field  applied  and  short-circuited  incessantly  after  comparatively 
short  trial  runs.  The  few  data  obtained  seemed  to  indicate  the  the  d egree 
of  ammonia  conversion  was  poor,  in  agreement  with  some  earlier  results 
that  h?d  been  collected  with  a small  reactor  somewhat  similar  in  principle 
but  built  entirely  of  glass. 

Some  experiments  were  made  with  regard  to  the  effect  of  a weak-  ,~v 
emitter  on  the  hydrazine  yield.  After  a number  of  measurements  had  been 
carried  cut  as  usual  with  the  reactor  chosen  for  the  purpose,  a short 
piece  of  activated  palladium  wire  was  inserted  close  to  the  geometrical 
center  of  the  reactor.  Then  the  same  measurements  as  were  made  before 
v;ore  repeated.  Least  squaring  the  series  of  data  obtained  at  two  different 
flow  rates  and  two  different  pressures  with  and  without  the  -emitter 
present,  it  was  found  as  had  been  anticipated  that  the  latter  did  not 
have  a measurable  influence  on  the  yield  of  hydrazine  obtained. 

A preliminary  study,  with  a somewhat  different  approach,  of  the 
effect  of  radioactive  substances  on  the  conversion  of  ammonia  to  hydrazine 
has  been  made  by  H.H.  Busey  (Exploratory  Studies  of  Hydrazine  Formation 
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by  Radioactive  Ionization,  Los  Alamos  Report  LA-1376,  June  1951)*  He  found 
tnat  only'  the  ionization  density  found  in  a high  flux  pile  or  near  concentrated 
sources  was  sufficient  to  produce  hydrazine  ■+.  a practical  rate.  Thus 
ionization  from  waste  fission  products  without  preliminary  concantration 
would  not  be  a practical  source  for  hydrazine  production.  Hydrazine  did 
not  in  any  case  seem  to  form  when  gaseous  ammonia  was  used.  In  all  cases 
in  which  a definite  yield  of  hydrazine  was  measured  liquid  arsncnia  was 
employed.  The  best  yields  were  obtained  using  the  beta  flux  from  activated 
silver.  The  study  of  Busey  did  little  more  than  prove  that  hydrazine  is 
formed  in  appreciable  quantities  when  liquid  amonia  is  exposed  to 
or  -radiation.  Further  study  to  obtain  data  under  various  physical 
conditions  at  the  high  flux  densities  required  would  be  a major  undertaking. 

Brief  Review  of  the  Literature  Pertaining  to  the  Formation  of  Hydrazine 
and  the  Decomposition  of  Ammonia  in  Electric  Discharges 

The  formation  of  hydrazine  and  the  decomposition  of  ammonia  in  an 
electric  discharge  has  been  studied  quite  extensively.  Much  of  this  work 
since  1900  is  reviewed  below  (Ref.  1-cd),  but  no  attempt  has  b een  made 
to  present  a complete  coverage  of  trie  literature. 

A spectral  analysis  of  ammonia  and  its  decomposition  products  in  the 
electric  discharge  has  been  obtained  repeatedly  (1,  3,  6,  8,  10,  12-17, 

1?-??,  25,  27-31,  33,  39,  1*0,  1*2,  1*3,  1*6,  52,  5U,  61,  62,  65,  66). 

Under  proper  operating  conditions  the  presence  of  the  so-called  Schuster 
bands  in  the  yollow  green  portion  of  the  visible  spectrum  was  generally 
noted  in  the  above  work  except  in  one  case  (ref.  1C)  or  under  conditions 
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where  a pulse  discharge  was  employed  (65,  66).  It  has  been  stated  that  at 
sufficiently  high  discharge  currents  (1,  6)  or  at  very  low  flow  rates  and 
pressures  (3,  It2)  these  bands  are  extinguished.  Their  origin  is  still  in 
doubt j it  is  known,  however,  that  no  Schuster  bands  are  found  when 

Kt2  - H2  nixutres  art  passed  through  the  discharge  (Lt2,  66). 

Almost  all  investigators  report  the  presence  of  bands  but  no  lines 
due  to  N atoms;  the  bands  increase  in  intensity  as  the  pressure  is  lowered 
(10,  52).  The  presence  of  H 2 bands  or  Balmer  H lines  has  been  noted  (3,  10, 
13,  20,  23-31,  h2,  h6,  52,  65,  66);  at  lower  pressures  their  intensity 
diminishes  (10,  52)  or  passes  through  a maximum  (29).  The  ultraviolet 
bands  attributed  to  NH  have  been  detected  at  pressures  up  to  2 atmospheres 
(3,  10,  13,  20,  21,  25,  28-31,  ii2,  13,  '16,  52,  65,  66);  their  intensity 
also  diminishes  with  decreasing  pressures.  The  presence  of  the  " bands” 
in  the  spectral  region  I1OOO-66OO  A is  documented  in  a number  of  publications 
(8,  10,  20,  21,  u6,  52,  oC,  65,  66);  these  have  been  associated  with  the 
presence  of  NH2  radicals.  Finally,  weak  bands  originating  from  the  ionic 
species  NH4"  (20)  or  N,*  (10,  20,  29)  have  been  identified. 

The  formation  of  ions  has  also  been  studied  extensively  (h,  hit,  ii5*  5U, 
55>  59) , using  controlled  electron  beams  in  an  apparatus  of  appropriate 
design  or  in  mass  spectrometers.  The  principal  ions  formed  under  tnese 
conditions  are  NH^  NH2**;  NH+,  N*"  or  ^2  are  present  in  somewhat  smaller 

amounts  (h,  li5,  55).  Anon,"  the  negative  ions  H-,  Nh~,  and  NH2”  predominate 
(li5 f 55)  but  their  concentration  is  low.  All  such  experiments  were 
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mmHg,  and  it  would  be  of 


-3  -5 

carried  out  in  the  pressure  range  10  to  10 
interest  to  determine  how  the  ratio  of  abwdance  of  these  ions  is 
altered  at  ths  prevailing  pressure  of  the  discharge  (5  ran  Hg  and  up). 

Selected  physical  characteristics  of  NH-j  subjected  to  electron  beams  or 
electric  discharges  have  been  under  study  as  well.  The  ionization  potential 
for  NH-j  has  been  variously  reported  as  11  (62),  10  (59),  10.5  (k5),  H.l  (kk), 
and  11.2  (L)  electron  volts..  However,  certain  ionization  processes  do 
occur  at  values  of  6 ±1  (5k),  9 — 1.1»  (56)  and  9 (7)  e.v.  respectively; 
these  are  possibly  associated  with  the  formation  of  negative  ions  as  was 
pointed  cut  clearly  in  Ref.  (?).  Other  physical  characteristics  are 
described  in  references  (2,  8,  35,  36,  62), 

Cross  sections  for  all  types  of  electronic  collisions  with  ammonia  have 

been  determined  (2,  9)  and  summarized  (3k).  The  cross  section  exhibits  a deep 

_ i - i 

minimum  near  • V *1.5  voltss  . it,  rises  steeply  with  decreasing  voltages 

’ A 

and  goes  through  a maximum  with  increasing  voltages  near  "V  =3  volts2  , 

The  partial  pressure  of  ammonia  in  these  experiments  was  in  the  range 

-2  -3 

10  to  10  mmHg.  It  is  evident  that  the  discharge  conditions  should  be 
adjusted  such  that  the  region  of  minimum  cross  section  is  avoided. 

Many  authors  report  (11,  13,  37,  ko,  6k)  that  the  decomposition  of 
ammonia  follows  a first  order  law;  however,  the  rate  constant  depends 
on  the  electrical  discharge  characteristics  as  is  to  be  expected  in  a 
non-thermal  process.  The  rate  of  decomposition  at  first  increases 
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roughly  linearly  with  current;  when  large  currents  are  applied  the  rise 
is  more  marked.  The  decomoosition  also  occurs  nore  readily  if  the 
temperature  of  the  reaction  vessel  is  allowed  to  rise  (37,  63).  Similarly 
the  decomposition  rate  increases  with  increasing  interelectrode  potential. 

The  relative  composition  of  the  nitrogen-hydrogen  mixture  resulting 

from  ammonia  decomposition  is  very  close  to  the  ratio  2;3  (1,  33*  6$). 

Under  static  conditions  an  equilibrium  between  !JH  , N , and  H is  reached 

3 2 2 

(11,  37,  6!i):  this  state  is  also  reached  if  mixtures  are  passed 

through  the  discharge  (11)  but  the  "equilibrium  constant"  for  these  reactions 
depends  on  the  electrical  characteristics  of  the  discharge  as  well  as  on 
the  ratio  of  Kg  to  H2  used  in  the  starting  mixture  (11).  The  above  kinetic 
data  make  it  apnear  as  though  the  discharge  decomposition  of  ammonia  occurred 
via  a quasi-themal  unimolecular  reaction  scheme,  with  the  electronic 
collisions  furnishing  the  necessary  activation  energy. 

There  seems  complete  agreonent  among  all  investigators  that  in  a 

static  system  only  traces  of  hydrazine  are  formed  by  decomposition  of 

ammonia  in  a discharge  (see  esp.  ref.  (11,  32)).  The  conversion  and  power 

yields  for  hydrazine  formation  in  a flow  system  depend  very  strongly 

on  the  conditions  employed,  and  there  is  some  divergence  of  opinion  as 

to  the  observed  effects.  As  the  flow  rate  of  ammonia  is  increased  under 

constant  electrical  conditions  the  conversion  of  ! i ! ■ _ into  N„Hi  is  stated 

3 2 Lt 

to  pass  through  a maximum  (8,  33)  in  a $0  cycle  AC  glow  discharge  cr  to 
decrease  (ir7).  It  is  evident  that  since  at  zero  flow  no  is  formed. 
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the  conversion  must  first  increase  to  a maximum  in  order  that  the  Japanese 
investigate rs  (1:7)  could  detect  the  decrease  over  the  range  of  flow  rates 

#.*....44  V*.  * ^ mt. **  - --  — * * ' ’ * " **  * 
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factor  cf  roughly  2,  obtained  by  different  workers  are  generally  in  the 
very  low  range  of  0.02  to  1?!.  As  the  power  input  is  increased  the  conversion 
was  feund  to  decrease  somewhat  (b3). 

The  power  yield  of  hydrazine  was  found  to  increase  with  (8,  33,  bb)  or 
to  be  roughly  independent  of  (5b)  flow  rate.  An  increase  in  gas  pressure 
from  b0  to  280  mm  drastically  lewers  the  power  yield  using  50  cycles/sec. 
or  3 nc/sec.  current  (1,  8).  Increases  in  power  input  are  found  to  be  detrimental 

to  power  yields  3).  ' m/«r  yields  in  the  range  0.3  to  6 g/KV.'H  are  reported. 

It  is  well  known  that  hydrazine  is  thermally  unstable;  it  also  de- 
composes readily  when  subjected  to  photon  or  electrical  bombardment. 

Undoubtedly  one  of  the  reasons  why  high  power  inputs  are  detrimental  to 
hydrauine  conversion  is  that  under  such  conditions  much  of  the  hydrazine 
formed  Is  decomposed  before  it  can  be  extracted  from  the  discharge  zone ( 33) • 

Thus,  mild  discharge  conditions  would  be  expected  to  favor  hydrazine 
formation,  as  is  found  to  be  the  case  (3,  32,  33).  Also,  the  use  of  d.c, 
pulse  discharges,  with  sufficient  time  lapse  to  remove  between  the 

pulses,  is  found  to  increase  the  yield  markedly  (b7,  65). 

The  admixture  of  foreign  gases  affects  the  anmonia  decomposition 
in  the  discharge.  The  presence  of  traces  of  moisture  is  stated  to  lower 
power  yields  by  ID  to  (38);  the  admixture  of  H2  lowers  the  rate 
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of  decomposition  appreciably  (37,  6li),  while  the  use  of  or  0^ 
increases  this  rate  (37,  6h). 

An  extensive  review  concerning  the  energetics  involved  in  the  various 
processes  and  reactions  which  nay  occur  in  the  discharge  has  recently  been 
published  (1),  Some  70  reactions  relating  to  the  primary  decomposition  of 
ammonia  and  to  the  secondary  interactions  between  ammonia,  free  radical 
fragments,  ions,  and  hydrazine  are  discussed.  In  view  of  the  complexity 
of  the  overall  reaction  scheme.,  and  since  spectral  and  nass  spectrometer 
data  reveal  the  presence  of  a large  number  of  reacting  species,  it  appears 
that  the  process  of  formation  of  hydrazine  from  ammonia  in  electric 
discharges  is  but  little  understood  at  this  time. 

Summary  of  Results  Obtained  on  Decomposition  of  Anjnonia  in  Electric 
Discharges  with  tench  Scale  Apparatus 

In  a separate  report  the  decomposition  of  ammonia  in  an  electric 
discharge,  using  bench  scale  apparatus,  is  described.  These  results  are 
briefly  summarized  below. 

A water  cooled  Pyrex  glass  tube,  0.8  cm  diameter,  15  cm  in  length, 
served  as  the  reactor.  The  longitudinal  discharge  was  maintained  between 
wo  copper  electrodes.  Ammonia  or  noncondensable  gases  were  introduced 
to  the  reactor  through  reducing  valves  and  flowmeters.  Hydrazine  or 
wat?r  vapor  could  be  introduced  through  capillary  leaks  if  desired. 

After  passing  through  the  discharge  tube  a portion  of  the  effluent  gas 
mixture  was  led  to  an  analytical  vacuum  manifold,  which  had  been  previously 
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evacuated  to  pressures  less  than  1 . Upon  measuring  the  gas  pressure 

in  the  analytical  manifold,  a five-liter  glass  bulb  was  removed  to  the 
analvtiral  1 abornt.orv  for  hvrirazine  assav.  Another  t.wo-li+.er  huih  war* 
isolated  from  the  analytical  manifold  and  its  cold  finger  immersed  in 
liquid  nitrogen  to  freexe  out  condensable  gases.  After  a lapse  of  30  minutes 
the  pressure  of  the  noncondensable  gases  was  determined.  When  diluents 
were  employed  in  this  work  a blank  sample  was  also  obtained  in  the  absence 
of  the  discharge  to  ascertain  the  composition  of  the  starting  mixture. 

The  hydrazine  assay  was  carried  out  by  absorbing  the  gas  in  0.1  l'l 
hydrochloric  acid,  diluting  aliquot  portions,  and  developing  color  with 
p-dimethylamino-benzaldehyde.  The  light  absorption  was  read  on  an  electro- 
photometer. 

The  decomposition  of  pure  ammonia  into  hydrogen  and  nitrogen  can  be 
characterised  by  the  empirical  equation 

Xnc  =•  ?.U  x 10"h  w / F - 0.026 

where  x^  is  the  mole  fraction  of  noncorvdensable  gases  in  the  effluent 
mixture,  W the  power  input  in  watts,  and  F the  flew  rate  in  l/alnz  This 
equation  is  obeyed  over  power  inputs  ranging  from  50  to  675  watts  and 
over  flow  rates  ranging  from  1 to  1C  l./ain.  The  decomposition  of  ammonia 
into  its  elements  is  found  to  be  inaepeuient  of  reactor  pressure  in  the 
range  j to  mm  Hg. 

Results  concerning  the  decomposition  of  pure  ammonia  into  hydrazine 
fi.’t*  orr&T.-ic  scstt?ring  . Tt\  v«q  t hs  j«o]L  .flection 
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of  hydrazine,  °^ta^ne<^  in  the  product  nixture  did  "et  depend  markedly 

on  pressure  cr  on  the  ratio  w/?  in  the  range  0 < w/F  160.  In  this 
region  all  x*^t  j.  values  were  observed  experimentally  to  fall  in  the  range 
1.5  x 10  xn  w 3.9  x 10  . The  average  xv  „ value  obtained  at 
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a given  flow  rate  increased  slightly  with  decreasing  flow  rate.  For  values 

of  V,/F  160  the  quantity  x^.  „i  decreased  rapidly.  Power  yields  ranged 

’2“u 

from  O.Oli  to  3 g.  hydrazine  per  KWH,  the  most  favorable  yields  being 
obtained  at  the  lowest  possible  power  inputs.  The  conversions  obtained  were 
in  the  range  O.li  to  0.3  g.  hydrazine  per  100  g.  ammonia.  For  the  majority 
of  experimental  conditions  the  ratio  of  moles  of  noncondensable  gases  to 
hydrazine  produced  in  the  discharge  was  in  the  range  20C-300. 


When  nitrogen  was  used  as  diluent  in  $0-50  mixtures,  the  decomposition 
of  ammonia  into  its  elements  was  decreased  by  a factor  of  two,  and  the 
decomposition  into  hydrazine  was  not  affected  appreciably.  Small  quantities 
of  water  vapor  were  found  to  low^r  the  hydrazine  yield  by  a factor  of  two. 
Using  hydrogen,  the  ammonia  decomposition  into  the  elements  was  suppressed 
but  the  formation  of  hydrazine  was  greatly  enhanced.  The  fraction  of 
ammonia  in  the  starting  mixture  converted  to  hydrazine,  z,  passed  through 
a sharp  maximum  as  the  power  input  was  raised.  Under  optimum  conditions 
s/values  in  the  range  of  .7  to  1,2  mol  percent  were  found,  corresponding 
to  a maxinaan  conversion  of  1,2  g hydrazine  per  100  g of  anmonia.  Power 
yields  in  this  set  of  experiments  were  in  the  range  2.1  to  13  g/KWH.  Use 
of  helium  in  k0:60  ratios  enhanced  decomposition  of  ammonia  both  into  the 
elements  and  into  hydrazine.  Again  the  quantity  z was  found  to  pass 
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through  a sharp  maximum  as  the  power  input  was  raised*  Fractional  con- 
versions up  to  z n 1.7  mol  percent  were  reached,  corresponding  to 
conversions  of  3.U  g hydrazine  per  IOC  g.  ammonia  introduced  into  the 
reactor.  Depending  on  operating  conditions,  power  yields  ranging  between 
0.7  and  22  g/EWH  were  observed,  with  hirhest  values  being  found  at  the 
lowest  possible  power  inputs  and  at  flow  rates  in  the  range  2,1  to  3.li  l/min. 
Thus  the  use  of  hydrogen  or  helium  as  a diluent  seems  to  be  favorable 
to  the  formation  of  hydrazine. 

The  deconDosition  of  hydrazine  in  the  discharge  was  also  investigated, 
using  ammonia,  hydrogen,  nitrogen  and  helium  as  carrier  gas.  With  initial 
hydrazine  concentrations  in  the  range  up  to  ij  mol  percent,  decomposition  was 
found  to  occur  readily  in  the  discharge,  the  extent  of  which  increased 
roughly  linearly  with  power  input.  After  the  hydrazine  concentration  reached 
a value  ranging  from  one  to  three  tenths  of  the  initial  concentration, 
tho  rate  of  further  decomposition  w. th  increasing  power  input  levelled  off. 


The  Formation  of  Hydrazine  from  Ammonia  in  Glow  or  Electrodeless  Discharges 
as  a Method  of  Large-Scale  Production 

The  For sons  report  (Hydrazine  Study  for  Navy  Department,  Bureau  of 
Aeronautics,  October  19?o.  H.M.  Larsons  Company,  Los  Angeles,  Cal.)  analyzed 
the  cost  of  large-scale  production  of  hydrazine  using  a number  of  different 
processes.  The  cost  data  for  the  individual  processes  finally  arrived  at 
were  later  challenged,  particularly  the  values  computed  for  the  only  practical 
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ammonia  in  a glow  discharge  was  treated  as  a potential  process  with  the 
estimated  cost  of  production  based  on  ejeper imental  data  available  at  the 
tine*  Reforming  costs  fo~  the  ammonia  decomposed  would  undoubtedly  be  higher 
than  was  assumed  at  the  time  and  tne  same  would  seem  to  be  true  for  power 
(0.5  cent/KWH)  and  ammonia  ($32  per  ton  as  against  present  day  price  of 
$32/ton).  Finally,  although  much  higher  yields  of  hydrazine  per  KWH  power 
input  in  the  discharge  than  the  vai ue  adopted  at  the  time  may  be  obtained, 
the  degree  of  an.ionia  conversion  would  be  correspondingly  lower,  rapidly 
increasing  the  cost  of  isolation  of  the  hydrazine  formed.  Even  though  the 
cost  of  large-scale  production  of  hydrazine  employing  the  practical 
processes  now  in  use  as  estimated  by  Parsons  nay  have  to  be  more  than 
doubled,  the  cost  if  the  glow  discharge  process  were  utilized  would,  according 
to  the  data  available  at  the  present  time,  still  be  considerably  higher. 

How  to  obtain  lower  costs  for  a hydrazine  discharge  process  is 
difficult  to  visualize  but  the  data  obtained  during  the  study  of  the 
decomposition  of  ammonia  may  point  a way.  Employing  high  gas  flr>v 
velocit.-'es  the  glow  discharge  allows  the  use  of  large  amounts  of  power 
per  reactor  giving  substantial  outputs  per  unit  time  although  the  power 
efficiency  is  low.  The  coivna  discharge  process  studied  at  the  Batelle  Inst, 
had  the  advantage  of  operating  at  atmospheric  pressure  but  the  power  input 
per  reactor  was  small  and  its  utilization  was  extremely  poor.  Electrodeless 
discharges  in  ozenizer-type  reactors  may  offer  a better  possibility  but 
again  we  run  up  against  the  difficulty  of  the  relatively  small  amount  of 
power  that  may  be  dissipated  per  unit  of  reactor  surface  area.  It  may, 
however,  he  possible  to  get  around  this  difficulty  ir»  two  different  ways 
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either  by  increasing,  separately  or  together,  the  frequency  w of  the  applied 
electromotive  force  F.  and  the  cnnacitance  C of  ths  reactor.  If  the 
circuit  contains  the  resistance  R the  current  produced  I is  given  by  the 
equation! 


I 


E 


R2  + 


2 2 
1/C  .v* 


The  resistance  will  decrease  rapidly  with  the  appearance  of  charge 
carriers  passing  through  the  gas  phase  of  the  reactor  thus  also  increasing 
the  strengtn  of  the  cuicrent.  The  capacity  C of  a compound  condenser  consist 
ir.g  of  two  i'  fferer.t  dielectrics  between  two  flat  electrodes  nay,  when 
fringe  effects  are  neglected,  be  computed  from  the  equation: 


il  (di/O^  4-  Q2/D2) 

where  A is  the  c ontact  area  of  one  of  the  electrodes  with  the  dielectric, 

d^  and  d->  the  thicknesses,  D-  and  D jibe  respective  dielectric  constants 

of  the  dielectrics.  If  again  one  of  the  dielectrics  represents  a gas 
phase  that  bocorr.es  conducting  and  the  other  dielectric  has  a very  high 
Jielectric  constant,  like  let  us  say  barium  titanate,  near  its  Curie 
point  where  it  approaches  a value  of  about  10,000,  an  ozonizer-type 

reactor,  which  electrically  is  built  like  a compound  conder.sei , may 

acquire  a very  high  capacitance.  Combining  high  frequency  of  the  current 
with  high  reactor  capacitance  and  relatively  low  resistance  it  should  be 
possible  to  dissipate  a large  amount  of  energy  in  an  electrodaless  discharge 
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In  a glow  discharge  the  major  portion  of  the  yield  is  formed  in  the 
positive  column  where  most  of  the  current  is  carried  by  electrons.  The  charge 
carriers  in  an  electrodeless  discharge  are  also  mainly  electrons  and  we 
could  expect  to  find  in  this  case  approximately  the  same  ratio  between 
rates  of  formation  and  decomposition  of  hydrazine  as  in  the  case  of  the 
glow  discharge.  Thus  although  we  would  be  able  to  dissipate  a considerable 
amount  of  power  uniformly  over  a large  surface  area,  the  degree  of 
conversion  of  the  ammonia  to  hydrazine  would  still  be  of  the  same  order 
of  magnitude  as  in  the  case  of  the  glow  discharge.  Iioweve-,  if  the  yields 
of  hydrazine  obtained  per  KWH  reactor  power  input  would  be  about  the  same 
in  both  types  of  discharges,  since  the  electrode less  type  usually  is  run 
at  ordinary  pressures  the  work  of  compression  from  the  low  pressure  that 
has  to  be  used  to  obtain  good  power  yields  in  a glow  discharge,  up  to 
atmospheric  would  represent  a considerable  saving  in  total  power  costs. 

Part  of  the  gain  may  naturally  be  offset  by  other  losses  like  increased  rate 
of  decomposition  n f the  ammonia.  There  i3  also  another  possibility  that 
should  be  considered.  Operating  the  silent  discharge  at  a pressure  of, 
let  us  say,  800  ram  instead  of  about  20  mm  for  a glow  discharge,  the  ease 
with  which  the  hydrazine  formed  may  be  removed  from  the  amuonia  stream 
by  absorption  in  a stationery  bed  of  silica  gel  would  be  increased  at 
least  liO  times  and  still  make  the  isolation  of  the  hydrazine  more  feasible 
at  reasonable  cost.  So  far,  however,  we  lack  the  experimental  data 
required  to  decide  on  the  merits  of  electrodeless  discharges  for  the 
production  uf  hydrazine  from  ammonia. 
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The  T'se  of  KT.ect.rica!  Discharges  as  a Tool  For  the  Production  of 
Various  Chemical  Compounds 


The  course  or  a reaction  taking  place  in  an  electric  discharge  is 
dependent  upon  a number  of  different  variables.  Among  the  more  important 
ones  the  following  may  be  mentioned; 

1)  Nature  and  relative  concentration  of  reactants.  In  case  solids 
are  used  the  average  particle  size  is  of  decisive  importance. 

2)  T,.pe  of  discharge  employed.  This  must  be  adjusted  to  the  nature 
of  the  reactants  and  the  product  desired: 

a)  electrodeless  discharge 

b)  glow  discharge 

c)  pulsed  DC  discharge 

d)  high  or  low  current  arc 

3)  Characteristics  of  electromotive  force  applied  (voltage,  fz-equency 
and  waveform)  and  strength  of  resulting  current. 

h)  Flow  velocity  and  degree  of  turbulence 

5)  Total  pressure  and  pressure  differential  within  reactor 

6)  Reactor  design,  this  is  in  general  determined  by  the  type  of 
discharge  to  be  used  and  the  kinetics  of  the  reaction. 

If  otherwise  suitable  the  nature  of  the  electrodes  employed  seems  as  a rule 
to  be  fairly  immaterial.  In  a large  number  of  cases  the  only  wall  re- 
ad ions  that  seem  to  ocuur  are  recombinations  between  the  charge  carriers 
with  evolution  of  heat.  Some  of  the  earlier  workers  in  this  field  and 
particularly  K,  Brewer  supported  an  ion  reaction  mechanism  theory  and 
preluded  uhc  participation  of  excited  atoms  and  molecules.  However  it  has 
rys  -i. sly  been  shown  by  R..V.  Lunt  that  there  is  no  evidence  from  the  data 
ava  latle  fox1  discharge  reactions  that  charged  particles  are  essential 
to  the  initiation,  or  to  any  other  step,  of  the  mechanism  by  which  these 
reactions  occur. 
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With  this  general  background  we  will  now  enumerate  some  yield  data 
for  various  reactions,  studies  of  which  are  to  be  found  in  the  literature. 

We  will  start  with  the  formation  of  acetylene  from  other  hydrocarbons. 

This  reaction  has  beer,  studied  extensively  over  a period  of  many  years  in 
a large  number  of  laboratories  using  both  gaseous  and  liquid  hydrocarbons. 
Uniformly  astonishingly  high  power  yields  have  been  obtained.  According 
to  Schocn  (Univ.  of  Texas  public.  No.  5011,  June  1950)  the  overall  amount 
of  power  required  to  produce  one  pound  of  acetylene  using  gaseous  hydro- 
carbons is  equal  to  lj.89  KWH,  while  in  the  case  of  liquid  hydrocarbons 
only  3.55  KWH  is  needed.  A power  consumption  practically  identical  with 
the  latter  value  was  obtained  also  by  c.G.  Suits  (U.S.  patent  No.  2353770, 

July  19Uj)  who  employed  ordinary  mineral  oils  ana  established  the  discharge 
03  innumerable  short  arcs  between  coke  cr  carbon  particles  immersed  in  the  oil. 

Since  methyl  acetylene,  which  seems  to  have  many  desirable  properties 
as  a monopropellant  or  a rocket  fuel,  always  is  present  in  amounts  of  up 
to  2%  of  the  -’c^tvlene  formed  in  a discharge  it  would  seem  + hat  this 
'■'omnound  nicht  be  obtained  at  iow  cost  and  in  large  quantities  by  using 
a mild  glow  discharge  with  propane,  or  perhaps  even  better,  with 
propylene  ac  feed  gas. 

Silent  electric  discharges  have  been  used  particularly  in  Europe  for 
po\.  ideation  reactions  in  lubricating  oil  type  hydrocarbons.  The 
processes  taking  place  are  exothermic  and  have  probably  the  nature  of  chain 
reactions  with  a high  degree  of  energy  utilization.  They  are  most  economical 
when  performed  under  vacuum  wxtti  foaming  t'uao  oiie  uianeuer  ui  Lhe 
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bubbles  is  somewhat  larger  than  the  mean  free  path  of  the  oil  molecules 
but  smaller  than  the  free  path  of  the  molecules  of  the  inert  gas  led  through. 
A review  of  the  process  has  been  given  by  Nash,  Howard  and  Hall,  J.  Inst. 
Petroleum  Techn.  20,  1027,  193Uj  c.f.  H.  Umstatter,  Angew.  Chemie,  B 19, 

207,  191*7. 

A number  of  studies  of  reactions  of  various  hydrocarbons  with  compounds 
of  other  types  are  to  ce  found  in  the  literature.  As  examples  will  be 
mentioned  the  formation  of  hydrocyanic  acid  using  aliphatic  hydrocarbons 
and  free  nitrogen,  the  formation  of  aniline  from  benzene,  ammonia  and 
oxygen.  In  the  case  of  hydrocyanic  acid  the  yields  obtained  by  Briner 
and  Hoefer  (Helv.  Chin.  Acta  23,  10?!*,  19b0)  in  grams  per  KWH  were  using 
methane  60,  butane  73,  hexane  100  and  octane  120.  Under  best  conditions 
the  concentration  of  HCN  in  the  reactor  exit  gases  was  about  and  the 
maximum  energy  utilization  was  19%»  According  to  ?.  Karrer  (Organic 
Chemistry  p.  1-38,  Elsevier  19ii6)  aniline  is  formed  in  the  manner  indicated 
above  with  yields  of  up  to  If#  per  pass.  Still  another  example  of 
considerable  interest  is  she  direct  oxidation  of  methane  with  oxygen  studied 
by  "’riner  :.-nd  Hoofer  (Helv.  Chin.  Acta  23,  800,  19l*0).  They  got  formal- 
dehyde yields  of  up  to  16. 6 grams  per  KWH  with  small  amounts  of  acetylene 
produced  simultaneously* 

One  of  the  chemical  reactions  first  discovered  to  take  place  in 
electrical  uiecharges  was  the  formation  of  nitric  oxide  from  air,  but  it 
is  as  yet  far  from  completely  understood  and  the  experimental  data  obtained 
during  its  study  arc  often  contradictory*  !+•  seems  fairly  certain  however 
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that  In  an  arc  or  a glow  discharge  nitric  oxide  only  ir  *'crncd  pr  - narily 
and  then  the  dioxide  appears  secondarily  to  he  ^xidi^^l  further  to  the 
per.toxide  if  ozone  is  present.  A silent  discharge  i_n  air  produces  mainly 
the  latter  cor. pound  r ’ little  nitric  oxide,  while  the  reverse  takes 

place  in  the  forr.or  type. 

A very  complete  review  of  earlier  studies  of  the  formation  of  nitric 
oxide  in  electric  discharges  is  to  be  found  in  Gmelin-Kraut,  Handb.  anorg. 
Chenie,  vol.  Stickstoff,  pp.  608-623,  Germany  1938.  Here  we  will  give  only 
a few  of  the  more  important  details.  The  formation  of  nitric  oxide  is  due 
mainly  to  a strongly  endothermic  reaction: 

N2+°2  — > 2 NO  ♦ h3.2  keals 

Since  however  di-  and  polyatomic  molecules  exposed  to  an  electric  discharge 
dissociate  to  produce  free  atoms  and  radicals,  the  effect  of  the  following 
reactions  should  also  be  taken  into  consideration: 

N’2  — ^ 2 N +•  169  keals 

O2  — f 2 0 \ 117  keals 
NO  — > N t 0 + 121  keals 

Thus  the  appearance  of  atomic  nitrogen  and  oxygen  would  give  a stroncly 
exothermic  reaction  when  they  unite  to  form  nitric  oxide.  The  net  result 
of  the  endothermic  molecular  and  exothermic  atonic,  r^aot.ions  is  that  the 
concentration  of  nitric  oxide  formed  will  pass  through  a maximum  as  the 
temperature  increases.  Using  an  initially  equimolar  mixture  of  nitrogen 
and  oxygen  this  maximum  is  at  steady  state  equal  to  about  5.9£  of  nitric 
oxide  at  3'>00°K# 
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Sire*!  the  distribution  of  the  electron  velocities  in  the  electrical 
field  of  the  discharge  is  non-Kaxwelli  an  the  concentration  of  an  endothermic 
compound  may  attain  much  higher  values  than  if  a true  thermal  equilibrium 
solely  dependent  upon  the  temperature  had  been  set  up.  Thus  nitric  oxide 
is  produced  in  silent  eiectrcdeless  and  glow  discharges  at  low  temperatures 
and  at  concentration  levels  far  above  those  demanded  by  the  thermo- 
dynamic dissociation  constant,  it  is  also  known  that  the  concentration 
attained  depends  on  pressure  and  discharge  conditions  which  have  nothing 
to  me  with  the  purely  thermal  reaction.  The  amount  of  nitric  oxide 
formed  in  a discharge  in  ordinary  air  containing  about  20?  oxygen  and 
30?  nitrogen  is  abcut  lower  than  the  value  found  when  a mixture  of 
3C?'  oxygen  and  20?  nitrogen  is  employed  under  the  same  conditions  although 
thermodynamically  speaking  they  should  be  equal. 

The  exact  mechanism  for  the  formation  of  nitric  oxide  in  an  electric 
discharge  has  as  yet  been  unraveled  only  partially.  By  electron  bombard- 
ment experiments  it  has  been  found  that  a minimum  electron  energy  of  about 
1?  electron  volts  is  required,  which  roughly  corresponds  to  the  ionization 
energy  of  the  nitrogen  molecule  which  is  15.7  electron  volts.  Thus  the 
primary  reaction  would  be  the  following  one: 

"2  + eo  °2  -> 

! f‘  the  electron  energy  is  raised  to  about  22  electron  volts  the  yield 
of  nitric  oxide  is  highly  increased.  The  higher  electron  energy  corresponds 

K2  I eQ  4-  N 

2d 


to  the  reaction: 


It  makes  both  nitrogen  ions  and  atoms  available  for  the  formation  of  nitric 
oxide.  At  the  high  electron  energies  given  it  should  however  also  be  taken 
into  account  that  the  oxygen  molecules  will  dissociate  and  will  in  three 
body  collisions  or  on  a metal  surface  react  exothermally  with  nitrogen 
atoms  under  formation  of  nitric  oxide.  As  is  well  known,  if  air  is 
exposed  to  short  wave  radiation  oxygen  is  activated  under  formation  of 
ozone.  Thus  the  reaction  of  activated  oxygen  with  nitrogen  must  be 
comparatively  slow.  Also,  if  tins  were  not  the  case,  the  world  we  live  in 
would  look  utterly  different  from  what  it  does  now.  As  a final  conclusion, 
although  the  primary  process  in  the  formation  of  nitric  oxide  fuay  consist 
of  absorption  of  electronic  entrgy  by  the  nitrogen  molecules  this  does  not 
necessarily  prove  that  ionized  nitrogen  is  one  of  the  reacting  species. 
Simple  excitation  may  be  sufficient  to  cause  reaction  but  it  will  be  very 
difficult  to  decide  one  way  or  the  other. 

The  yield  of  nitric  oxide  obtainable  in  a DC  glow  discharge  is  usually 
quoted  as  corresponding  to  about  80  g^ams  of  nitric  acid  produced  per  KWH. 
However  very  much  higher  yields  of  up  to  160  grams  have  been  claimed  as 
pcssi' le  by  using  high  frequency  currents. 

When  air  or  pure  oxygen  is  subjected  at  ordinary'  pressures  to  a silent 
discharge  ozone  is  formed.  Several  books  have  been  written  on  what  takes 
"I  .':  - luring  the  formation,  the  properties  and  uses  of  this  compound. 

It  is  highly  endothermic  and  there  is  no  other  method  known  for  its 
preparation  except  electrolysis  of  sulfuric  or  perchloric  acicc  at  very 
lov  cemperatures.  Since  it  is  very  effective  as  a water  purifier  and 
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de-odorizer  it.  has  been  employed  primarily  for  this  purpose  in  a number  of 

Acugo  liiovtuiAuiitiioK  i.i  avMiiduxo  v^nedipxjr  jlii  xeu'^e  uudiio  i.uiea  uvtu  aii'jx  o 

periods  of  time  it  would  find  extensive  use  in  synthetic,  organic  chemistry 
due  to  its  ability  to  add  to  double  bonds  while  giving  quantitative  yields 
of  the  products  formed.  According  to  Taylor  and  Bean  (Eng-  Tews  Record, 
lli3,  No.  U,  32,  19h9)  the  yield  of  ozone  normally  obtained  in  standard 
type  industrial  ozonizers  is  about  50  grams  per  KWH,  but  using  high  frequency 
current,  yields  several  times  larger  havo  been  claimed  (Briner  and 
Deshusses,  Helv,  Chim,  Acta,  13,  629,  1930). 

It  has  been  observed  by  Byres  and  Ko  lief son  (JAGS*  56,  2?b5»  193b) 
that  in  blue  light  chlorine  and  ozone  react  to  form  chlorine  heptoxide 
CI2O7  in  considerable  quantities.  The  heptoxide  is  the  most  stable  one  of 
the  chlorine  oxides  and  would  be  suitable  as  an  oxidant  for  rocket  fuels 
since  it  is  highly  endothermic  (-63.il  keals)  melts  at  - 91.5°g  and  boils  at 
about  8o°C,  The  direct  oxidation  of  chlorine  in  an  ozonizer  to  form  the 
hentoxide  may  also  be  a possible  method  for  its  production  since  Bodenstein, 
Padelt  and  Schumccher  (Z.  physik,  Ch.  B,  5,  209,  192 9)  found  that  during 
the  reaction  between  wet  chlorine  and  ozone,  crystals  of  HClOj^O  were 
formed.  The  heptoxide  hydrolysis  to  form  perchloric  acid  HC10[f. 

A 2000  KW  installation  for  the  production  of  hydrogen  peroxide  in  a 
3ilent  discharge  from  wet  hydrogen-oxygen  mixtures  has  been  described  by 
M.  Golden  (Industrie  Chimique  33,  153,  19ti6).  The  yield  obtained  in 
continuous  operation  wa3  about  50  grams  of  hydrogen  peroxide  per  KWH. 
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?.M*  Wolf  (Z.  Elektroch.  , 20,  20U,  1911*)  found  yields  of  about  17%  of 
theory  but  at  lower  temperatures  up  to  99,9%  of  the  oxygen  was  converted 
to  peroxide.  Penney  and  Sutherland  (Trans.  Faraday  Soc.,  30,  898,  193U) 
and  J.  Chem.  Physics,  2,  1*92 , 193h)  have  deduced  that  the  H-C-C-H  molecule 
does  not  have  free  rotation  around  the  0-0  link  and  should  have  two 
tautomeric  forms.  Actually'  it  has  been  found  by  Gcib  and  Harteck 
(^erichte,  65,  1551,  1932),  tha*  if  atonic  hydrogen  reacts  with  oxygen  at 
liquid  air  temperatures  a solid  of  the  composition  H2O2  is  fonted.  This  solid 
melts  sharply  at  -115°C  and  starts  tc  give  off  oxygen  producing  a liquid  tnat 
at  ordinary  temperatures  contains  about  70%  pemv-iHe.  7his  ma;  perhaps  be 
a feasible  -iethod  to  produce  highly  concentrated  liydrogen  peroxide  solutions 
avoiding  the  more  usual  distillation  methods. 


According  to  Weintraub  (U.S.  latent  10li6oLi3,  Dec.  1910  and  Dritish 
Patent  25033,  Oct.  1910)  free  borer:  with  a high  degree  of  purity  may  be 
produced  by  passing  a mixture  of  boron  trichloride  and  hydrogen  g as  through 

an  electee  discharge.  At  high  current  densities  there  is  obtained  a 
dense,  crystalline  macs  which  is  very  irr-rt.  In  a mild  glow  discharge  at 
lov>  pressures  an  entirely  different  reaction  can  be  induced  to  take  place. 
/.:•  she., a r:;«  rr  e-.lesln  ger  rend  'erg  (f..Ch,  53,  1:321,  1931)  and  shortly 

afterwards  by  Stock  and  Sutterle.n  ( rieri.chte,  67,  10?,  193u)  under  these 
cireumstanc":;  tetrachloro  diborane  is  fomed  which  subsequently  decomposes 
under  liberation  of  diborane: 
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P2C1 


h!i2— > ^6 


-w 


1:  BCl^ 
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The  yields  of  diborane  obtained  by  Schlesinger  and  his  co-workers  (JACS, 

1 C TOT  1 Q C ^ ^ r'itVior  r\r»r>r*  * Ko  n*>  r-+  »0  r>  nrvora  + i nr*  s*r\r>AA  + 1 r\r>m 

- • •••>•/  * • k -■•<.>  ■ - - --  — — ■ • — 

chosen  but  it  seems  highly  probable  they  could  be  improved  substantially. 

At  pressures  above  20-30  mm  Hg  free  boron  is  apt  to  separate  out  in  a very 
finely  divided,  highly  active  form.  Due  to  the  high  heat  of  combustion 
of  boron,  the  heat  of  formation  of  the  trioxide  is  3li9  kcal8,  this  may  be 
of  some  interest  with  regard  to  the  use  of  boron  as  a solid  fuel.  Perhaps 
it  should  also  be  added  that  a method  has  been  found  recently  for  the 
production  of  boron  trichloride  at  low  cost. 

It  has  been  demonstrated  by  Kroepeland  Vogel  (Zeitschr.  anorg.  Chemie, 
229,  1,  1936)  and  others  that  compounds  of  heavy  metals  as  a general  rule 
are  reduced  with  ease  by  atomic  hydrogen.  This  might  b6  of  some  interest 
with  regard  to  the  production  of  various  metals  directly  from  their 
concentrated  finely  powdered  sulfidic  or  oxide  ores.  Among  uhe  heavy 
metals  copper,  lead,  zinc,  nickel,  aitimcny,  cadmium,  molybdenum,  vanadium 
and  nercury  are  extracted  principally  from  sulfidic  minerals  while  fox- 
instance  tin  and  tungsten  usually  are  obtained  from  oxide  ores.  In  the 
case  of  the  former  group,  with  a high  rate  of  formation  of  hydrogen 
sulfide  it  may  perhaps  in  some  instances  by  burning  the  reactor  exit 
gases  be  possible  to  generate  sufficient  power  to  keep  the  process  running 
without  any  Additional  amount  being  required.  The  free  metal  content  of 
the  solid  reaction  product  would  be  extracted  by  electrolysis  and  unde- 
composed sulfide  recycled.  This  is  only  a suggestion  and  to  reach  a 
decision  whether  the  scheme  outlined  has  any  practical  value  would 
naturally  require  a large  amount  of  work. 
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From  the  data  given  above  for  the  leactions  discussed  it  wouH  appear 
that  with  the  proper  choice  of  operating  conditions  yields  may  be  obtained 
that  in  several  instances  are  sufficiently  high  to  warrant  further  study 
or  possibly  attempts  at  pilot  plant  operation.  This  is  certainly  the 
case  with  respect  to  acetylene  which  was  amply  demonstrated  by  Schoch 
(loc.  cit.)  using  an  apparatus  able  to  produce  from  natural  gas  one  ton 
of  acetylene  per  nour.  It  would  seem  that  it  would  be  even  simpler  to 
maintain  the  same  or  even  higher  rates  of  production  per  reactor  when 
liquid  hydrocarbons  are  employed  as  raw  material.  The  heavy  metal  sulfides 
or  oxides  have  densities  that  are  several  times  higher  than  those  of  the 
hydrocarbons.  Provided  the  rate  of  reaction  of  atomic  hydrogen  with  these 
compounds  while  passing  through  the  discharge  in  a finely  povfdered  state 
would  be  comparable  with  the  rate  of  formation  of  acetylene,  which  however 
at  the  present  time  is  a totally  unknown  factor,  there  does  not  appear  to 
be  ary  other  distinct  reason  why  throughputs  of  the  same  order  of  magnitude 
could  not  be  employed  in  their  case. 

Plants  producing  ozone  or  hydrogen  peroxide  at  rates  of  one  ton  per 
hour  using  electrodeless  silent  discharges  would  at  present  be  major 
installations  unless  the  power  dissipation  and  simultaneously  the  rate 
of  gas  flow  per  unit  time  and  per  reactor  could  be  increased  by  an 
order  of  magnitude  without  changing  their  size  or  the  yield  per  KWH. 

A step  in  this  direction  is  indicated  by  a patent  Issued  to  T.  Rummel 
(German  696081,  Aug.  19li0)  who  found  that  by  coating  either  one  or  both 
of  the  electrodes  with  titanium  or  zirconium  dioxide  the  yield  of  ozone 
was  greatly  increased.  The  different  crystal  forms  of  titanium  dioxide 


(rutile,  anatas  and  brookite)  have  all  relatively  high  dielectric  constants. 
Therefore  still  higher  yields  may  perhaps  be  obtainable  by  using  as  solid 
dielectric  barium  metatitanate  which  near  its  Curie  point  has  a dielectric 
constant  in  the  neighbourhood  of  10,000  (c.f.  discussion  for  the  formation 
of  hydrazine  in  silent  discharges). 

The  particular  compound  that  may  be  synthesized  in  an  electric 
discharge  cf  a given  type  by  introducing  a pure  substance  or  a mixture 
of  two  or  more  different  ones,  may  so  far  be  determined  by  experience  only. 
The  number  of  different  reactions  studied  or  for  which  data  are  available 
is  too  limited  to  allow  any  mois  than  the  most  general  predictions  of  the 
outcome  as  based  on  our  knowledge  of  what  to  expect  to  happen  under 
ordinary  circumstances  with  the  added  possibilities  due  to  excitation 
and  ionization  processes  of  the  participating  molecules.  As  an  example 
we  could  expect  the  highly  endothermic  compound  chlorine  monoxide  to  form 
in  a silent  but  pot  in  a glow  discharge  from  a mixture  of  free  chlorine 
and  oxygen.  Subsequent  reactions  following  the  initial  formation  of  the 
monoxide  may,  in  the  case  of  the  presence  of  ozone  formed  simultaneously 
probably  give  first  chlorine  tetroxide  and  then  the  heptoxide  C^Oy. 

Conclusions  and  Summary 

Our  study  is  in  msry  respects  incomplete  and  undue  emphasis  may  have 
been  giv  n to  various  aspects.  Frcm  the  start  it  was  known  all  we  could 
hope  for  was  that  only  a minor  share  of  the  total  amount  of  power 
dissipated  in  the  discharge  would  be  utilized  for  the  formation  of  hydrazine. 

3U 


We  also  knew  that  when  the  discharge  was  operated  at  low  pressures  and  at 

minimum  sn.et.ai  rvi  nc*  iinprov  t.Vv>  rpfnrmincj  rif*  ammonia  (innomnnaod  unnlH  r»nrp»ant 

only  a fraction  of  the  total  power  consumption* 


The  method  immediately  available  for  varying  the  discharge  power  input 
over  a wide  range  was  to  employ  a glow  discharge  and  the  actual  procedure 
followed  seemed  to  be  the  most  natural  one  as  long  as  it  was  unknown  if  any 
other  one  would  have  given  better  results.  Therefore  the  study  of  the 
formation  of  hydrazine  in  electrodeless  discharges  was  not  pursued  beyond 
ascertaining  that  it  was  formed  in  appreciable  quantities.  The  comparatively 
very  small  amount  of  power  that  could  be  dissipated  in  even  fairly  large 
reactors  of  the  type  employed  made  further  work  in  this  direction  appear 
unprofitable.  However,  as  pointed  out  above,  if  it  were  possible  to  build 
a reactor  of  the  type  in  question  using  a dielectric  with  a dielectric 
constant  of  about  10,000  instead  of  that  of  ordinary  glass,  which  is 
about  3,  we  are  locking  at  an  entirely  different  aspect  of  the  problem. 

It  would  then  be  possible  to  dissipate  large  amounts  of  power,  to  operate 
a number  of  cells  in  parallel  without  complicated  controls,  to  employ  sizable 
ammonia  flows,  to  use  ordinary  cr  slightly  higher  pressures,  to  isolate 
the  hydrazine  formed  in  stationary  absorbent  beds.  With  the  reactor  given 
it3  usefulness  for  large  scale  production  of  hydrazine  could  bo  decided 
with  a few  simple  tezts. 


As  stated  above,  on  account  of  the  low  cost  of  ammonia,  the  reforming 
cost  of  ammonia  decomposed  in  the  discharge  would  only  be  a fraction  of  the 
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quantities  of  nitrogen  and  hydrogen  were  added  to  the  ammonia  stream  the 
changes  observed  Ln  the  hydrazine  yield  could  be  attributed  -'ainiy  to  a 
dilution  effect.  Thus  it  seamed  at  the  time  that  until  the  practical 
usefulness  of  the  formation  of  hydrazine  in  a glow  discharge  had  been 
definitely  established,  tho  amount  of  ammonia  decomposed  was  fairly  unim- 
portant. However  the  data  obtained  by  Dr.  Honig  seem  to  tnrow  a sonewnat 
different  light  on  the  function  of  gases  added. 


The  study  of  the  kinetics  of  the  formation  of  hydrazine  showed  first 
of  all  that  the  rate  of  decomposition  is  more  than  four  hundred  times 


large;  th.v.  * h 


ra^e  of  decomposition  limits 


the  apparent  degree  of  ammonia  conversion  attainable  to  a very  low  level 
that  could  be  changed  very  little  regardless  of  the  operating  conditions. 

The  second  most  important  result  was  the  extremely  high  reaction  rates  found, 
necessitating  the  use  of  contact  times  between  discharge  and  ammonia  stream 
or  a few  milliseconds  in  order  to  get  maximum  power  yield  and  minimum  waste 
of  energy.  The  third  main  result  of  the  kinetic  measurements  xcirealed  the 
extreme  importance  of  getting  intimate  contact  between  the  electric  plasma 
and  the  streaming  anmonia  gas.  Unless  this  could  be  accomplished  adequately 
both  the  degree  of  ammonia  conversion  and  the  yields  of  hydrazine  per  KV.H 
were  lowered. 


This  started  off  attempts  to  design  a reactor  where  plasma  and  ammonia 
mixed  efficiently,  fte actors  designed  to  allow  the  ammonia  stream  to  flow- 
through a conical  cavity  with  solid  glass  walls  producing  an  angul<ii  velocity 
■’->  ':;iy  increasing  towards  the  exit,  did  not  gi'"1  the  desired  result. 
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Substituting  the  solid  vjlio  for  slightly  overlapping,  evenly  spaced 
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it  was  difficult  to  get  the  reactor  to  function  properly  over  longer 
periods  of  time  due  to  incessant  dielectric  breakdown.  Simultaneously 
we  had  started  experiments  with  helically  fluted,  tubular  reactors  with  a 
double  thread  at  180°  angle  to  each  other  making  the  ammonia  stream 

perform  a weaving  or  braiding  motion  around  the  electric  plasma.  In  the 
case  of  fairly  narrow  reactors  this  method  of  approach  appeared  bo  give 
excellent  results  and  a whole  series  of  increasingly  larger  ones  were 
made  up.  The  large  reactors  however  did  not  give  good  yields  and  it  became 
apparent  that  in  the  case  of  large  ammonia  flows  it  would  be  necessary  to 
spin  the  gas  around  in  some  other  manner.  Thus  we  returned  to  the  use  of 
the  conical  cavity  which  this  tine  was  mounted  on  top  of  the  reactor  and 
served  to  give  the  gas  stream  a veiy  high  angular  velocity  before  it 
entered  the  reactor  proper.  The  center  of  the  latter  was  occupied  by  a 
water  cooled  tube  and  the  ammonia  gas  spun  around  in  the  narrow  annular 
space  between  tliis  tube  .and  the  enclosing  glass  mantle.  Using  a 2h  inches 
long  glass  pipe  of  U inches  inner  diameter  and  ha'  ing  an  annular  space 
anout  l/h  inch  wide  it  was  found  that  a very  uniform  discharge  could  be 
obtained  even  at  ,'nodcrate  ammonia  flows  and  without  exposing  the  wall 
of  the  mantle  tube  to  larger  temperature  increases. 

Farlv  in  on-  work  we  had  tried  out  a number  of  different  additives 
to  the  ammonia  stream  bit  not  a single  one  of  them  had  been  found  to  be 
of  ary  value.  The  wall  effect  on  the  Ig.-dra.. -r.e  yield  obtained  seemed  to 
be  negligible.  Finally  we  also  tried  water  as  an  additive.  In  the  case 
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of  th6  reactor  employed  and  particularly  at  lower  pressures  the  degree  of 
arrcr.ic  ccr.vcrsio:.  l..>F.i/«eu  ^icali,/  aiuncugn  tne  nyarazine  yield  per  KWH 
decreased,  presumably  due  to  power  losses  in  the  liquid  phase. 

The  study  of  the  decomposition  of  ammonia  showed  some  very  remarkable 
results  particularly  when  helium  was  added  to  the  ammonia 0 Under  certain 
conditions  ammonia  conversions  up  to  3,h%  were  obtained  as  compared  to  the 
usual  values  of  0.2-0. 3%.  The  maximum  power  yield  attained  was  22  grams 
per  KWH,  but  similar  values  had  previously  been  measured  with  pure  ammonia 
and  during  a talk  given  at  the  ACS  meeting  in  Los  Angeles  March  15-19 
by  Professor  M.  Burton  cf  Notre  Dame  University  he  claimed  to  have  gotten 
approximately  double  the  maximum  yields  indicated  here  although  hi3 
values  for  the  degree  of  ammonia  conversion  were  very  low.  In  view  of  these 
data  it  is  premature  to  give  a final  decision  with  regard  to  the  practicality 
of  the  use  of  glow  discharges  for  the  production  of  hydrazine  from  ammonia. 
Therefore  it  is  recoi"me-'ded  that:  1)  an  engineering  study  be  made  of  all 

data  available,  2)  proposed  designs  for  large  reactors  are  critically 
reviewed,  3)  some  further  measurements  be  mane  with  flows  in  the  range  2-6  CFM 
or  higher  under  flow  conditions  adjusted  to  give  high  yield  and  degree  of 
conversion  It)  a limited  study  be  made  of  electrodeless  discharges  employing 
reactors  with  dielectrics  having  high  dielectric  constants. 
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APPPTMnTT  I 


The  Formation  of  Electric  Discharges 

Under  normal  conditions  all  gases  are  non-conductors  and  passage  of 
a sustained  electric  current  can  occur  only  when  charge  carriers  like 
electrons  and  ions  are  produced  continuously  and  conduction  established 
by  the  influence  of  an  applied  field.  Ionization  in  a gas  takes  place 
either  by  transfer  of  kinetic  energy  from  the  charge  carriers  to  neutral 
molecules  in  non-elastic  collisions  or  by  their  absorption  of  radiation. 
The  energy  E transferred  at  the  time  of  ionization,  either  by  collision 
or  radiation,  must  be  at  least  as  large  as  the  ionization  energy  I of 
the  atoms  or  molecules  involved.  In  addition  to  this  condition  the  rate 
of  ion  formation  depends  also  on  the  ionization  probability  which  is  a 
function  of  the  amount  of  energy  transferred. 

In  case  ionization  is  caused  by  radiation  the  energy  of  the  photon 
must  be  equal  to  or  larger  than  I.  Thus  the  wave  length  limit 
at  which  ionization  may  occur  is  given  by  the  equation: 


I 

where  c is  the  velocity  of  light.  Introducing  known  values  for  I in 
euuation  (1)  it  is  readily  found  that  only  radiation  of  very  short 
wavelengths  like  7-rays  is  able  to  cause  ionization.  If  the  energy  of 
an  electron  released  by  radiation  is  very  large  it  can  then  give  rise 
to  collisional  ionization  of  several  atoms  or  molecules,  until  its 
velocity  has  decreased  to  the  minimum  value  necessary. 
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Let  us  now  assume  that  ly,  primary  electrons  released  per  unit  area 


and  unit  time  at  the  cathode  in  a homogeneous  field  produce  secondary 
electrons  per  unit  length  of  its  path  towards  the  anode.  Over  the  distance 
d x the  number  of  electrons  added  d N will  be  equal  to: 

d N - N.a.d  x (2) 


Integrating  over  the  entire  distance  r between  the  electrodes  the 
total  number  of  -electrons  arriving  at  the  anode  per  unit  time  is  given 
by  the  equation: 

Nr  = S0  . . dr  (3) 

The  current  amplification  factor  f due  to  collisional  ionization  is  thus 
eqjal  to: 

f = * 00 

The  value  of  d,  which  has  been  called  the  first  Townsend  coefficient, 
is  proportional  to  the  number  of  collisions  per  unit  length  and  thus  also 
the  pleasure  p of  the  gas.  It  is  also  dependent  on  the  kinetic  energy 
attained  between  two  successive  collisions.  This  energy  is  proportional 
to  the  product  of  field  strength  F and  mccLn  f r 6<5  path.  Empirically  -i- 
is  related  to  F and  p by  uie  equation: 

, -B  . p /F 

v = P • A • e (5) 

where  A and  B are  constants  characteristic  of  the  gas  employed. 
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Thermal  production  of  charge  carriers  is  due  to  increased  energy  of 

irl?C  ** > O aixwii  iix^iaaoiii^  ^oui^ox  a b UJTJ  4 .X U 1.13 

and  electrons  produced  are  more  efficient  than  neutral  molecules  in 
bringing  about  further  ionisation,  but  as  they  undergo  recombination 
reaction  an  equilibrium  dependent  upon  the  temperature  is  set  up* 

The  equilibrium  has  been  evaluated  according  to  ordinary  chemical  kinetics 
and  may  be  expressed  by  the  equation  of  Saha: 


, ,3/2  5/2  -I  At 

- (2  me)  (kT)  . e (6) 
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where  is  \.he  degree  of  ionization  of  the  gas,  p the  pressure,  n the 
mass  of  the  electron,  T absolute  temperature,  h and  K Planck  and  Boltzmann 
constants  respectively. 


By  heating  various  electronic  conductors  like  metaJs^  their  oxides 
and  nitrides  etc.,  the  energy  of  their  electrons  ra^y  be  raised  above 
the  level  of  the  thermionic  work  function*  The  fraction  having  sufficient 
energy  to  ascape  increases  wi th  temperature  and  the  thermionic  current  i 
may  be  calculated  from  the  known  energy  distribution  in  the  electron  gas 
according  to  an  equation  derived  by  Richardson: 

1 =-  A {7) 

where  W is  the  thermionic  work  function  and  A is  a constant  which  in  the 
case  of  pure  r.ctals  may  vary  between  60  to  100  amperes  per  square  cm  degree* 
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Self sustained  Discharges  in  Gases 


In  a self-sustained  discharge,  after  the  initial  fornntio-  of  tne 
barge  carriers  by  ore  cf  the  methods  described  above,  the  arc  is  maintained 
r the  cas  phase  oy  the  applied  field  itself*  If  the  potential  between 
the  electrodes  :s  sufficiently  high  to  o ann*  colli sional  ionization  to 
occur,  the  current  increases  rapidly  Kith  the  potential.  From  equations 
Ku)  and  (5)  ws  find  that,  assuming  as  before  a homogeneous  field,  the 
amplification  factor  f is  given  by  the  equation: 


Inf  = A • p>  o r . e 


-B*p/? 


Doth  at  very  lew  and  rcr/  high  pressures  Inf  approaches  a value  of  zero 
and  no  amplification  occurs  since  f then  is  equal  to  unity.  In  the  former 
case  the  mean  free  path  of  the  electrons  is  so  large  that  only  infrequent 
collisions  with  the  gas  molecules  occur,  while  in  thp  latter  one  the  free 
path  is  too  short  to  allow  sufficient  energy  gain  between  collisions  to 
cause  ionization.  Thus  f must  pa3s  through  a maximum  at  some  pressure 
p,,  obtained  by  differentiation  cf  (8)-. 

F0  = F / 3 (9) 

r j has  tear,  verified  experimentally  p0  is  thus  proportional  to  the  field 

strength.  As  the  1 at tor  increases  the  velocity  and  kinetic  energy  of  the 
. 'large  <'arriers  also  increase  continuously . When  large  enough  to  cause 
ionization  of  the  gas  molecules,  and  the  number  cf  positive  ions  formed, 
is  sufficient  to  release  other  electrons  at  impact  with  the  cathode,  new 
charge  carriers  are  liberated  and  they  m turn  produce  nor;  ions  by 
collision  in  avalanch**  fashion  causing  a ragiH  incr»or.  in  current  i 


according  to  the  equation- 


i - N.  • eQ  . e r (10) 

wnere  eQ  is  the  electronic  charge.  We  may  now  state  the  conditions  necessary 

to  obtain  a self-sustaining  discharge.  Negative  charge  carriers  consisting 

of  electrons  and  negative  ions  are  discharged  at  the  anode.  The  energy 

liberated  there  is  converted  mainly  to  heat  and  no  emittance  of  charge 

carriers  takes  place  at  the  anode.  The  cathode  absorbs  all  the  positive 

ions  but  it  will  also  emit  electrons  provided  these  ions  can  impart  to 

them  energy  in  excess  of  the  cathode  work  function.  When  each  electron 

liberated  at  the  cathode,  on  its  passage  through  the  gas  phase  causes  the 

emittance  of  at  least  one  more  electron  from  the  cathode,  a selfsustaining 

discharge  has  been  started.  Just  like  the  primary  electrons,  the  secondary 

ones  accelerate  in  the  electric  field,  acquire  S’-J'ficient  kinetic  energy 

to  release  one  or  more  other  electrons  in  new  collision  processes. 

Quantitatively  the  condition  necessary  for  the  start  of  a self sustaining 

discharge  may  be  obtained  from  equation  (35  provided  account  is  taken 

of  the  energy  transported  back  to  the  cathode  by  the  positive  ions  formed. 

T 

As  before,  let  us  assume  that  No  primary  electrons  Droduce  Nc  . e " 

r 

at  the  anode.  Of  these  N<  * ft  _ n.  are  formed  in  the  ga«  phase  as 

secondary  electrons  together  with  an  equal  number  of  monovalent  positive 
ions.  Every  one  of  the  positive  ions  yields  an  average  of  I new  electrons 
at  the  cathode  emitting  at  least  one  more  electron  per  original  electron 
emitted: 

X(«'r-D  = i (U) 

This  equation  expresses  the  condition  that  must  be  fulfilled  to  obtain 
a self-sustaining  discharge. 
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Glow  Discharges 


In  our  study  of  the  formation  of  iydrazine  from  ammonia,  glov  discharges 
have  been  used  exclusively  and  due  to  this  reason  their  behavior  will  be 
discussed  in  some  detail.  To  understand  the  phenomena  that  occur  in  these 
discharges  it  is  necessary  to  take  into  account  the  fact  that  the  electrical 
field  between  flat,  parallel  electrodes  is  strongly  distorted.  The  dis- 
charge itself  consists  of  a series  of  luminous  layers  and  dark  spaces  which 
are  particularly  well  developed  when  pure  noble  gases  are  present. 

The  Aston  dark  space  ( a in  Fig.  I ) is  a very  thick  layer  at  the 
cathode.  The  primary  electrons  released  from  the  cathode  and  passing 
through  this  layer  have  as  yet  insufficient  kinetic  energy  to  cause 
excitation  of  the  surrounding  gas  molecules.  In  the  cathode  glow  (b) 
the  energy  of  these  electrons  is  sufficient  for  collision  excitation, 
making  the  gas  luminous.  Spectral  lines  aprear  in  the  order  of  increasing 
excitation  energies  in  the  direction  of  the  anode. 

In  Crooks  dark  space  (c)  the  primary  electrons  have  acquired  such 
a high  kinetic  energy  that  the  excitation  probability  has  started  to 
fall  '■'ff,  decreasing  the  amount  of  radiation  given  out.  The  boundary  (d) 
cf  the  negative  glow  towards  the  cathode  is  fairly  well  defined  while  the 
luminosity  decreases  in  the  direction  of  the  anode.  To  the  primary 
electrons  are  added  large  numbers  of  secondary  ones,  and  positive  ions 
creating  the  so-called  plasma  which  retards  the  electrons  and  spectral 
lines  appear  in  decreasing  order  of  their  excitation  energy.  When  the 
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POTENTIAL-DISTANCE  RELATION 
IN  A GLOW  DISCHARGE 


electrons  arrive  in  the  Faraday  dark  space  (e)  they  have  lost  so  much  kinetic 

- - - *-  ’ ± . u ~ ± ± m 4-  U 0 i i 

X,Al\JX^yJ  Wt« Jkv  V*.  J »-*  * W »**uw*«  « . £,  *-**->  >»*  » 

The  positive  column  (f)  is  the  largest  and  most  luminous  section  of 
the  entire  discharge.  In  this  region  the  potential  gradient  is  small  and 
almost  the  entire  current  is  carried  by  the  electrons.  Depending  upon  the 
pressure  and  the  nature  of  the  gas  present,  the  positive  column  may  either 
be  practically  uniform,  striated  or  consist  of  luminous  band  withcbrk  spaces 
between  them.  The  anode  glow  (g)  is  due  to  collisional  ionization  by  the 
electron  shortly  before  they  reach  the  anode. 

The  potential  in  the  discharge  drops  steeply  in  the  region  between  the 
cathode  and  the  negative  glow  but  changes  from  then  on,  and  practically 
to  the  end  of  the  positive  column,  slowly  and  linearly.  Close  to  the 
anode  the  potential  drop  is  again  fairly  pronounced.  The  discharge  current 
i3  carried  mainly  by  transport  of  electrons  and  positive  ions.  The  kinetic 
energy  they  acquire  over  the  potential  drop  \ p is  given  by  the  equation: 

e0  A p = m u2/2  (12) 

where  e is  the  electronic  charge,  m and  u mass  and  velocity  respectively. 

If  the  atomic  or  molecular  weight  of  the  positive  ions  is  A the  velocity 
attained  by  the  electrons  should  be  ' l8ijOA  times  larger  than  that  of  the 
ions.  However,  due  to  their  small  size  the  actual  difference  is  much 
larger  and  kinetic  theory  gives  the  value  102  A as  the  ratio  between 
the  velocities  of  electrons  and  positive  ions.  This  large  difference  gives 
rise  to  the  so-called  space  charge  and  the  potential  distribution  in  the 
discharge  indicated  above. 
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Neglecting  the  presence  of  the  primary  electrons  in  the  plasma  of  the 

pccitivt  MnmKot*  »-\f*  *1  o/*  + w>nc  S p (»nna1  ^ hot.  nf  t.h*  no*i+.*iv# 

ions  since  in  each  ionization  process  both  a positive  and  a negative 
charge  carrier  is  produced.  The  plasma  is  therefore  electrically  neutral 
and  free  from  space  charge.  The  total  current  i is  given  try  the  equation: 

i =-i4  ^ i_  = Bq.N^.u^  -5-  e0,N_.u_  (13) 

Since  N n.  N and  u / u.  ^ 102  A we  obtain:- 

•4-  — - ' ♦ 

- u_/u^.  - 102  A (lh) 


Thus  the  current  carried  through  the  plasma  by  the  electrons  is 
over  100  tines  larger  than  the  portion  transported  by  the  positive  ions. 
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PREFACE 


This  report  inscribes  experimental  work  serf armed  by  the  author 3 
at  T ;e  Vorrestai  research  Center  of  Tinceton  University  from 

January  ti.reuyr.  June,  19‘S3}  under  Office  of  Naval  research  Contract 
N’Sonr-27017 . 

The  objectives  of  this  nrc-crar.  were  to  era-vine  t;«  effects  of 
several  practical  variables  relating  to  the  synthesis  of  hydrazine 
from  ammonia  in  an  electric  discharge-  In  order  to  carry  out  this 
stud;/  as  rapidly  and  economically  as  possible,  laboratory  bench-scale 
apparatus  was  employed  in  place  of  the  large  scale  equipment  used 
previously. 


ABSTRACT 


The  decomposition  of  ammonia  into  hydrazine,  hydrogen  and  nitrogen 
under  the  action  of  a -steady  discharge  has  been  studied.  The  effect  of 
power  input,  flow  rate,  reactor  pressure,  and  presence  of  inert  diluents 
on  the  formation  of  the  discharge  products  has  been  investigated.  The 
decomposition  of  hydrazine  in  the  discharge  was  also  studied. 


Phe  result 


this  investigation  are  summarized  in  section  6, 


of 


1.  INTRODUCTION 


The  decomposition  of  ammonia  in  electric  discharges  has  been  discussed 

♦ • ■»  • • • ' • ♦ . ♦ • />  t i • 1 .«  ...  II  . A.  it  . 

rAVCUCiV  Cl  » J_li  u A AC  ^.xwc  IC.WUAU*  a O--*^  » Uj  v/a  wiiaj  nua  Ik  kittvMw  w*w  I'  - WWW—  — 

is  exceedingly  complicated.  Various  investigators  have  detected  the 
presence  of  NH ^ , N^H^,  ^ N2J  H2*  ^ H»  also»  the  presence  of  a large 

number  of  positive  and/or  negative  ions.  Under  such  circumstances  a wide 
variety  of  opinions  can  be  expected  as  to  the  nature  of  the  steps  which 
lead  to  the  formation  of  hydrazine  or  of  nitrogen  and  hydrogen  in  the 
discharge. 

The  extent  of  decomposition  of  ammonia  into  hydrazine  as  a function 
of  various  discharge  conditions  has  also  received  considerable  attention 
in  the  literature  and  on  this  project.  It  has  always  been  found  necessary 
to  use  a flow  system  in  order  to  produce  more  than  minute  traces  of 
hydrazine  from  ammonia.  Even  under  most  favorable  conditions  of  operation 
the  mole  fraction  of  hydrazine  in  the  produc*  did  not  exceed  0,01  in  any 
of  the  work  published  to  date;  the  best  power  yields  reported  so  far  are 
in  the  range  5 to  15  grams  of  hydrazine  per  kilowatt  hour  of  electrical 
energy.  The  production  of  hydrazine  relative  to  hydrogen  and  nitrogen 
seems  to  be  favored  by  use  of  the  lowest  possible  power  inputs  which  will 
just  maintain  the  discharge. 


*For  details  consult  the  review  of  the  literature  presented  in 
the  final  report  covering  work  performed  under  the  present  contract. 
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Despite  all  of  the  work  reported  in  the  literature  a systematic 

1 OVOSti  «^at  i on  nf  t.'fiM  rol  at.Wp  HorfiurviflU'tnn  n t an^ni;  into  u~~-*  — ~J  ~ 

or  into  the  elements  as  a function  of  power  input,  flow  rate,  and  diluents 
in  a steady  discharge  is  still  lacking.  It  was  therefore  considered 
important  to  initiate  such  a study. 


2 , EXPERIMENTAL  VETHODS 

A.  Apparatus  and  Manipulation 

Bench  scale  apparatus  used  in  the  present  investigation  is  shown 
schematically  in  fig.  1.  The  discharge  reactor  may  be  identified  by  the 
plus  and  minus  markings  of  the  electrodes.  The  reactor,  of  pyrex  glass, 
was  0.8  cm  inside  diameter  and  cm  in  length.  It  was  surrounded  by  a 
water  jacket.  Copper  electrodes  were  inserted  in  the  enlarged  ends  of  the 
tube  with  their  tips  U?  cm  apart,  and  were  held  in  place  ty  means  of 
vacuum  tight  rubber  stoppers.  The  bottom  electrode  was  grounded  and  wau 
water  cooled.  Thp  gas  products  flowed  past  this  electrode  before 
reaching  the  exit. 

Gases  were  introduced  at  measured  flow  rates  from  the  manifold 
at  the  left  of  the  reactor.  After  passing  through  the  discharge  most 
of  the  emerging  gas  was  withdrawn  through  the  large  pressure  regulating 
stopcock  by  means  of  a high  speed  mechanical  pump.  A small  portion 
of  the  emerging  gas  was  allowed  to  pass  into  the  manifold  of  the  high 
vacuum  analytical  system  to  the  right  of  fig.  1. 
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Ammonia,  nitrogen,  hydrogen,  and  helium  were  introduced  from  the 
cylinders  or  compressed  gases  tnrougn  appropriate  reaucxng  valves  and 
atmospheric  pressure  rotameter- type  flowmeters.  Water  vapor  and  hydrazine 
vapor  could  be  admixed  with  these  gases  from  individual  reservoirs  with 
associated  capillary  leaks  thermostated  with  boiling  water  at  100°C, 

(See  fig.  l).  The  rate  of  effusion  of  these  vapors  could  be  determined 
by  leading  them  into  the  first  cold  trap  of  the  analytical  train.  The 
weight  of  condensate  was  measured  after  a predetermined  time  interval. 

Three  five  liter  flasks  of  type  "A"  served  to  collect  aliquot 
portions  of  the  gas  mixture  emerging  from  the  reactor.  The  bulbs  were 
removed  to  the  analytical  laboratory  for  hydrazine  analysis.  Two  two 
liter  flasks  "B"  received  another  portion  of  the  product  gases.  After 
isolation  from  the  manifold  the  cold  finger  of  these  bulbs  was  immersed 
in  liquid  nitrogen  to  freeze  out  all  condensable  gases.  Those  gases 
which  remained  in  the  gas  phase  after  this  treatment  are  labelled 
"ncr.condensablc  gases"  throughout  this  report. 


Mercury  manometers  were  used  for  pressure  measurements.  The  pressures 
at  the  top  and  bottom  of  the  discharge  tube  were  measured  using  a U tube 
manometer  with  a range  up  to  200  ram  Hg.  Cas  pressures  in  the  analytical 
train  were  usually  determined  with  one  of  the  two  McLeod  gages  sketched 
in  fig.,  1.  One  covered  the  range  0.002  to  2.5  Hg,  the  other,  the 
range  0.2  to  i*0  mm  Hg.  A coarse  rotary  gage  for  rapid  readings  in  the 
raqge  0.02  to  10  mm  Hg  and  an  absolute  U tube  manometer  for  readings 
up  Lu  atmospheric  pressure  were  also  provided.  The  analytical  line  was 
evacuated  with  a mercury  diffusion  pump  and  a mechanical  forepump. 
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In  examining  the  results  of  the  next  few  sections  it  must  be  kept  in 
nu.nu  uiai  unaer  trie  experimental  conditions  tne  pressure  at  tne  top  ox  tne 
reactor  was  always  higher  than  that  at  the  bottom.  Depending  on  operating 
conditions,  these  pressure  differences  varied  from  10  to  100  per  cent  of 
the  pressure  at  the  bottom.  The  discharge  therefore,  emerged  as  a narrow 
thread  from  the  top  electrode  high  pressure  region  and  filled  essentially 
the  entire  cross  section  of  the  reactor  near  the  bottom  electrode.  The 
poor  definition  of  the  discharge  might  have  been  eliminated  bycarefui 
redesigning  of  the  reactor  tubs  but  corrections  were  not  undertaken  due 
to  shortage  of  time  and  because  it  was  desirable  to  compare  present 
results  with  those  obtained  earlier  on  the  project  using  similar  tubes. 

A power  supply  manufactured  by  the  American  Transformer  Company, 
capable  of  an  output  of  20  KV  and  800  raa  was  used  to  maintain  the 
discharge.  The  output  was  passed  through  two  Eimac  VT  12y/  30ii  TL 
current  limiter  tubes  to  the  electrodes. 

Procedures;  Formation  of  Hydrazine ; 

The  following  procedure  was  employed:  The  analytical  vacuum  line 

and  sample  bulbs  were  evacuated  to  a pressure  of  less  than  one  micron. 
After  isolation  from  the  pumps  pressure  line  was  checked  five  minutes 
later  to  test  for  leaks.  If  there  were  none  the  flow  of  gases  through 
the  mixing  manifold  and  the  reactor  tube  was  started.  The  rate  of  flow 
was  regulated  by  use  of  the  flow  meters  and  pressure  control  was 
achieved  by  means  of  the  large  connecting  stopcock  to  the  high  speed 
mechanical  pump.  The  discharge  won  sllowoH  t.n  nnorut.p  f ni*  three  minutes 
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and  a portion  of  the  effluent  gases  was  then  admitted  to  the  analytical  system 
for  a period  of  approximately  two  minuues.  The  gas  pressure  m tne 
analytical  line  (usually  5 mm  Hg)  was  determined  with  the  high  pressure 
McLccd  gage.  This  measurement  is  termed  the  "sample  pressure"  of  the 
run  in  subsequent  sections. 


Flasks  "A"  and  "B"  were  then  isolated  from  the  line  and  flask  "A"  was 
sent  to  the  analytical  laboratory  for  hydrazine  assay  according  to  the 
procedure  detailed  in  section  2A.  The  cold  finger  of  flask  "B"  was 
immersed  in  liquid  nitrogen,  while  the  rest  of  the  analytical  manifold 
was  evacuated.  After  thirty  minutes  the  residual  pressure  of  the  gases 
that  had  not  been  condensed  was  moasured  with  a McLeod  gage.  This 
measurement  will  be  referred  to  as  the  "noncondensable  gas  pressure". 

When  diluents  were  used,  or  in  the  experiments  of  section  h, 
a further  set  of  measurements  was  required  to  ascertain  the  composition 
of  the  starting  mixture.  For  this  purpose  a blank  sample  was  taken 
in  the  absence  of  the  discharge  as  soon  as  possible  after  the  regular 
sample,  leaving  all  flowmeter  settings  unaltered.  With  duplicate 
sample  bulbs  on  the  vacuum  line  this  could  be  achieved  within  three 
minutes  of  the  regular  sample. 


A waiting  period  of  thirty  minutes  sufficed  to  freeze  out  all  the 
noncondensable  gases  in  flask  "B".  This  fact  was  established  at  the 
conclusion  of  run  20,  at  which  time  both  McLeod  gages  were  filled  with 


a mixture  of  the  reaction  products  contain 7 rig  ammonia, 


V*  » rJ  «»  m A 
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‘iydrogen  plus  nitrogen  in  the  ratio  h?0:  1 : 30  at  a pressure  of  19  mm  Hg. 
;ne  :oj.a  linger  was  immersed  in  the  liquid  nitrogen  bath  at  time  zero 
and  the  pressure  drop  in  the  system  of  flask  :,BM  and  the  two  McLeod 
gages  followed.  The  results  are  shown  in  fig.  2,  indicating  that  after 
thirty  minutes  there  was  no  further  decrease  in  the  pressure. 

Procedures;  Decomposition  of  Hydrazine*  The  decomposition  of  hydrazine 
in  various  diluents  (section  U)  was  studied  by  passing  the  mixture  through 
the  discharge  tube  and  collecting  an  aliquot  sample  in  flask  "A"  for 
analysis-  A blank  in  the  absence  of  the  discharge  was  run  tc  ascertain 
the  composition  of  the  starting  mixture. 

B.  Materials 

Ammonia  in  150  pound  net  cylinders  from  the  Polychemicals  Department 
of  E-  I.  du  Pont  de  Nemours  & Company,  labelled  "Anhydrous  Ammonia, 
National"  was  employed  in  this  work.  The  water  content  is  stated  to  be 
negligible.  Blank  runs  in  the  absence  of  the  discharge  showed  that  the 
amounts  pf  noncondensable  gases  and  of  hydrazine  in  the  ammonia  were 
negligible.. 

Hydrazine  from  the  Fai mount  Chemical  Company,  600  Ferry  Street, 

Newark  5,  New  Jersey,  was  used  in  the  experiments  of  section  b.  This 
material  was  labelled  "Hydrazine  bass  95%",  the  renaining  5%  were 
presumably  water. 
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BENCH-SCALE, GLASS  APPARATUS  FOR 
STUDY  OF  AMMONIA  DECOMPOSITION  IN 
ELECTRIC  DISCHARGE 
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Freezing -Out  of  from  Products  of 

Electric  Discharge 

Final  Pressure  = 2. 8mm  Hg. 
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Figure  2 


Hydrogen  was  supplied  by  the  Matheson  Company,  East  Rutherford, 

New  Jersey,  with  a purity  of  99.8$. 

Nitrogen  of  "prepurified  grade"  and  helium  were  supplied  by  the 
American  Oxygen  Company,  Harrison,  New  Jersey.  The  purity  of  these 
gases  was  stated  to  be  99.9$. 

C.  Analytical  Method  for  the  Determination  of  Hydrazine 

Samples  for  analysis  were  received  in  5 liter  bulbs  at  reduced 
pressure,  100  cc  of  approximately  0.1  M hydrochloric  acid  was  admitted  to 
these  by  means  of  a ball jointed  tube  measuring  approximately  U by  18  ram 
which  fitted  onto  the  top  of  the  flask  just  above  its  stopcock.  The 
acid  was  run  into  the  bulb  slowly  and  the  contents  gently  swirled  to 
allow  for  complete  absorption  of  hydrazine  vapor  by  the  liquid.  After 
admission  cf  air,  aliquots  were  taken  for  dilution  in  100  cc  glass 
stoppered  graduates,  the  final  dilution  to  be  in  the  range  0.001  to 
0.006  mg  hydrazine  contained  in  100  cc.  Color  was  developed  in  the 
final  dilution  by  making  up  to  volume  with  water  and  20  cc  of  "DAB” 
reagent,  prepared  with  pure  ethanol  containing  10$  hydrochloric  acid  and 
2%  p-dlmethylaminobenzaldehyde.  Light  absorption  was  read  in  an 
electrophotometer  after  allowing  ten  minutes  for  color  to  completely  develop* 

A standard  curve  was  prepared  from  known  dilutions  of  hydrazine 
monosulfate  in  acid  solution,  assayed  by  potassium  bromate  titration 
at  60°C.  In  the  range  O.OCi  to  0.008  rag  hydrazine  in  100  cc  the 
solution  absorption  c urve  was  linear  when  plotted  logarithmically 
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against  nydrazine  concentration,  .-.eekly  checks  of  this  curve  with  freshly 
prepared  known  dilutions  of  hydrazine  failed  to  show  at  any  time  a 
deviation  f.realei  Lhan  2)f. 


Some  difficulties  were  encountered  early  in  the  work  with  t;:e  acid 
concentration  of  the  final  dilution  which,  if  too  high,  had  the  effect 
of  bleaching  tne  color  of  the  azine  which  is  formed  by  the  reaction  of  the 
benzaldehyde  and  the  hydrazine.  Measurements  have  shown  that  if  more  than 
0.1  M of  acid  was  present  in  the  solution  before  the  color  reagentwas  added 
there  was  a significant  decrease  in  light  absorbmey-  Below  that  acid 
concentration  no  changes  were  observed.  In  all  assays  care  was  taken  not 
to  allow  the  acid  concentration  rise  beyond  the  critical  value. 


In  some  cases  the  total  hydrazine  content  of  a sample  was  so  low  that 
a 50  to  80  cc  aliquot  was  necessary  for  the  photometric  measurement.  All 
samples  were  therefore  dissolved  in  0-1  M acid  in  order  to  keep  them  below 
the  level  at  which  the  bleaching  effect  became  apparent.  It  also  seems 
indicated  that  in  preparing  the  final  dilution  the  "DAB"  reagent,  which 
1b  0.1  '!  With  inspect  to  acid,  shoulu  uc  added  as  the  last  step. 


Mercury  vapor  and  traces  of  copper  wero  generally  present  in  the  gas 
sample-  These  act  catalytical ly  in  the  decomposition  of  hydrazine.  In 
most  cases  the  rate  of  decomposition  of  a synthetic  sample  added  to  the 
evacuated  bulbs  was  found  to  be  approximately  1 to  U?  in  15  min,  but 
occasionally  values  up  to  7%  were  encountered.  In  order  to  minimize  the 
decomposition  the  aliquots  were  treated  with  the  color  reagent  as  quickly 
as  possible.,  generally  within  six  minutes.  The  resulting  azine  Compound 
was  found  to  be  stable  up  to  u8  hrs. 
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The  analytical  method  for  the  colorimetric  determination  of  hydrazine 
wac  developed  by  W.  A-  James  and  sent  to  the  project  personnel  by  the 
Western  Cartridge  Company  of  East  Alton,  Illinois,  in  a personal 
communication  in  19U9.  A later  description  of  this  same  method  is 
presented  in  Analytical  Chemistry  2006-8,  1952. 


D.  Computation  of  Experimental  Results 


Measurements  obtained  on  the  analytical  train  of  the  vacuum  line 

provided  two  different  quantities:  (1)  the  mole  fraction  of  noncondensable 

gases  in  the  product,  xrc , (2)  the  mole  fraction  of  hydrazine  produced  or 

destroyed  in  the  discharge,  x»,  . 

^2% 


Computations  Involving  Fundamental  Data:  To  obtain  the  quantity  xnc 

the  sample  pressure  ps  in  the  two  liter  flask  "B";.  fig.  1,  was  first 
measured.  After  freezing  out  the  condensable  components  the  bulb  was 
connected  with  one  or  both  of- the  McLeod  gages,  each  gage  having  a total 
volume  of  roughly  100  cc.  The  relative  correction  introduced  by  each  of 
these  additional  volumes  is  roughly  $%.  At  the  temperature  of  liquid 
nitrogen  the  cold  finger  of  15  cc  volume  contained  an  additional  quantity 
of  gas  equivalent  to  (300/78  - 1)  15  ” U3  cc,  which  represents  an 
additional  relative  correction  of  2%,  The  mole  fraction  of  the  noncondensable 
gases  was  thus  computed  from  the  equation 


*nc  ^ai(Pnc/Ps) 
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where  the  factor  has  the  value  1.07  or  1.12  depending  on  whether  one 
or  both  gages  are  in  communication  with  flask  "Bn;and  w^ere  pnc  and  p3 

. . l . a*  .1  >■>.  i . ^ - ..... J _ X*  _♦  _ ~ J -*  _ ....  O » 

a hit*  vu  wit.  i Ku  .o  ui  iu«ji  iwawx1^  tutu  wcu  v-oo  ui  uvx  x<<\aa  xi»  i/w  vxuu  wax* 

The  hydrazine  assay  using  flask  MA"  was  reported  in  tera3  of  grams 
of  hydrazine  in  that  bulb,  denoted  by  she  symbol,  g.  The  molar  quantity 
of  hydrazine  is  thus  n - g/32.  The  exact  volume  of  each  five  liter  bulb 
corresponds  to  0.22U  of  the  ideal  molar  gas  volume  at  room  temperature; 
hence  the  total  number  of  moles  of  gas  in  the  bulb  is  N = 0.22l*(pg/76o) , 
the  pressure  being  given  in  mm  Hg.  The  mole  fraction  of  hydrazine  in 
the  sample  was  therefore  computed  as 

xr2Hk  = ~ 106  <g/ps>  (2) 

Computations  Involving  Derived  Quantities:  In  this  section  formulae 

are  derived  for  computing  the  fraction  of  ammonia  which  is  decomposed 
into  hydrazine  and  -into-noncondcnsable  gases  in  the  discharge.  This 
establishes  a common  basis  for  interconparison  of  all  the  runs  regardless 
of  operating  conditions.  For  this  purpose  the  ^stoichiometry  for  the 
decomposition  of  ammonia  in  the  presence  and  absence  of  diluents  must 
be  examined. 

let  a - moles  Ho  mixed  with  one  mole  NH3. 

b - moles  N2  mixed  with  one  mole  NK^. 
x0  - mole  fraction  non-condensable  gases  in  reactant  mixture. 
- mole  fraction  non-condensable  gases  in  product. 
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x2 


y 
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~ mole  fraction  hydrazine  in  product  (chemical  anlysis) 
— fraction  of  NH--  decomposed  into  the  elements. 

• — ■ f ra  i nn  a f * n * a ^ ^ V..-J 

• J — W 4 1 11^  U4«<iaitu 


The  reactions  assumed  are 


and 


NH3  — > l/2N?  ~ 3/2H2 

(1-y)  d/2)y  (3/2)y 


NH3  — ^ l/2t’2Hh  + 1/2H2 
(1-2)  ( l/2)  z (1/2)  z 


(3) 


(M 


The  relative  amounts  of  gases  in  the  product  are  as  follows: 


nh3  , 

(1  - y - z),  mole3 

H2  > 

* ^(3/2)y4-0-/2)z 

n2  , 

b -+•  (i/2)  y 

*2%  > 

(1/2)* 

Total  Product  - (1  + a + b)t  y,  moles 

The  mole  fractions  measured  experimentally  therefore  are 

a+b 

xo  ' 5 (a*b)  = x0/(l-x0)  (5) 

lta+’o 

aHy»2y+-(l/2)z  , 

X1  = ' °) 
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( •*■/ 2 ) z 


<T) 


(l-*-a*b)  -py 


Equation  *6)  and  (7)  are  solved  for  y and  then  (afb)  is  replaced  ijy  mo  cilia 
of  equation  (5): 
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(xrx2)-x0 

2-(x1-x2) 


(8) 


The  fraction  of  aiunonia  used  in  hydrazine  synthesis  is  then  obtained 
from  equation  (7)j 


z. 


" 1 
_ l-*o 


-+ 


(?) 


2x2  2*x 

• o 

2-(xi-x2)  1-xd 


(IQ) 


Several  simplifications  may  now  be  introduced: 

(a)  For  pure  ammonia  without  any  added  gases  xo^=0.  Also, 
sine*  in  all  runs  x^  « one  finds 


*1 


2-x 


z 


I1X2 


2-: 


*1 


(11) 


(12) 


Hi 


^b)  In  Luc  presence  ol  added  iv'ncendcnsable  gases  where  X2<X  x^ 
one  may  effect  the  following  simplifications 


y _ 


*1  - 


(l-xc)(2-x1) 


(13) 


z _ 2x2 


t Xo 


MM 


2-x , 


1 - x 


(c)  Tn  seme  of  the  later  computations  the  quantity  x-g  in  equation 
(1L)  was  replaced  by  xQ.  This  is  permissible  sinc9  the  difference 
between  these  is  very  small.  Under  the  least  favorable  circumstances 
the  error  introduced  in  this  manner  represents  roughly  10$  which  is 
barely  within  the  limits  of  experimental  error  in  the  hydrazine  analyses. 
In  most  cases,  however,  the  error  introduced  by  this  approximation  was 
in  the  range  of  3 to  5$. 


Calculations  of  the  power  yield  were  carried  out  as  follows: 
let  Fn  be  the  flow  rate,  in  liters  per  minute,  of  ammonia  through  the 
reaevor  at  room  temperature  and  pressure.  The  flow  rate  in  moles  per 
hour  is  then  given  bv  60  Fn/2l4.li,  the  quantity  in  the  denominator  being 
the  molar  volume  at  room  temperature.  Let  z be  the  fraction  of  ammonia 
decomposed  into  hydrazine  or.  a molar  basis.  The  quantity  of  hydrazine 
produced  in  grans  per  hour  is  therefore  z(60)(32)  Fn/^U.ti  (molecular  weight 
of  hydrazine  is  32).  Accordingly,  the  power  yield  is  given  by  the 
relation 

P —79  s T’n/  Wk  in  e/KWH 
where  V/k  is  the  power  input  in  kilowatts. 

1 c 


Precision  of  Results  Involving  the  Quantity  y:  The  calculations 

for  y according  to  equation  (13)  involve  a iarge  uncertainty  due  to  the 
fact  that,  the  difference  x,  - x in  the  majority  of  cases  is  Quite  small. 
This  uncertainty  is  reflected  in  the  scattering  of  the  points  in  fig.  6, 

It  might  be  of  interest  to  cite  some  numerical  examples.  The  quantity 

X1  or  xo  proportional  to  the  ratio  Pj^/Pg.  On  the  McLeod  gage  each  of 
these  pressure  readings  is  determined  by  the  product  p~h(h  H)  where  h 
and  H are  the  positions  of  the  mercury  levels  in  the  two  capillaries 
relative  to  the  tip  of  the  closed  capillary;  both  h and  H are  positive* 

The  absolute  error  in  the  level  readings  is  assumed  to  be  - O^mm. 

In  a typical  group  of  experiments  (runs  73  to  77)  the  quantities  h and  H 
had  values  in  the  neighborhood  of  160  and  270  mm  respectively;  the  relative 
error  in  h is  thus  1 0.003  and  in  (h  4-  H),  — 0.002.  The  relative  error 
in  the  pressure  values  can  be  shown  to  be  approximately  the  sum  of  the 
individual  relative  errors,  i.e.  £.  0.005,  The  maximum  relative  error  in 
the  ratio  Pr.c^Ps  can  likewise  be  snown  to  be  approximately  the  sum  of  the 
two  relative  errors  in  p;  thus  or  xQ  is  known  with  a precision  of 
roughly  1 %,  In  runs  73  to  77  the  quantities  xq  and  x0  thus  had  an 
associated  absolute  error  of  - 0.00$  each,  while  the  difference  x^  - xQ 
was  in  the  range  0.008  to  0.033*  This  shows  that  even  under  reasonably 
favorable  conditions  the  relative  error  in  y was  of  the  order  of 
15  to  60%-, 
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3 DECOMPOSITION  OF  AMMONIA 


A.  Pure  Ammonia;  Decomposition  into  Noncondensable  Gases 

The  decomposition  of  pure  a&raonia  into  gases  not  condensable  at  liquid 
nitrogen  temperature  was  examined  over  a wide  range  of  conditions,.  The 
composition  of  the  noncondensable  gases  was  not  determined.  It  cool  l not 
deviate  seriously  from  a 3:1  H2:  N’2  ratio,  since  the  decomposition  of 
ammonia  into  hydrazine  plus  hydrogen  was  always  much  less  extensive  than 
the  total  decomposition. 

The  results  are  presented  in  table  1,  The  quantity  xnc  wa.s  originally 
plotted  against  w/F;  however,  these  plots  were  omitted  from  the  present 
report  in  favor  of  the  more  general  graph,  rig.  3.  Here  xnC  is  the  mole 
fraction  of  noncondensable  gases  in  the  product,  W is  the  electric  power 
in  watts,  and  F is  the  flow  in  liters  of  gas  per  minute  under  room 
conditions  of  temperature  and  pressure.  It  will  be  noted  that  the  ratio 
W/F  is  the  energy  supplied  to  unit  amount  of  gas  passing  through  the 
discharge.  Examination  of  the  xnc  vs.  w/F  graphs  revealed  the  following 
interesting  facts:  (1)  the  plots  were  essentially  independent  of  pressure; 

(2)  at  a given  flew  rate  the  plot  of  xnc  vs.  W/F  was  quite  linear; 

(3)  the  slopes  of  the  linear  plots  were  roughly  proportional  to  the  square 
root  of  F;  (I)  the  intercepts  of  these  plots  all  coincide. 

If  the  observations  (1)  through  (b)  are  valid,  then  aL 1 of  the  data 
of  table  1 should  fall  on  a single  straight  line  when  xnc  is  plotted 
vs.  w/ A graph  of  this  type  is  snown  in  figs.  3 a and  3be  Careful 


examination  of  the  points  shows  that,  these  were  scattered  at  random  about 
the  interpolated  straight  line:  no  Fv^t-raat.ir  ^'’•"icti  ~rs  pertaining  to  a 
given  set  ->f  experiment  al  conditions  were  detected,  Thus,  within  a fairly 
large  experiments  errrr,  the  date  car:  ee  represented  in  the  analytic  form 


xrc  - 0.00071  W/Fa’  - 0.028 

W in  watts 
V in  liters  per  min. 


ri'n 


It  appears  from  inspection  o<~  lata  lying  below  w/w  F = 60  that  the 
straight  line  eventually  curves  *.c::ard  the  origin.  It  should  also  be 
noted  that  the  analytic  expres  sion  given  above  is  applicable  to  data  which 
were  obtained  for  flow  rates  ranging  from  one  to  ten  liters  per  minute, 
over  a pressure  range  from  three  to  fifty  millimeters  of  mercury,  aid  that 
power  inputs  ranged  from  ^0  to  6?5  watt,s.  The  decomposition  of  ammonia 
into  noncondensafclo  gases  under  ihe  above  experimental  conditions  can 
thus  be  neatly  systematized. 

3.  Hydrazine  Synthesis  from  Pure  Ammonia 

Data  for  the  production  of  hydrazine  from  pure  ammonia  passing 
through  the  electric  discharge  are  presented,  in  tables  1 and  2,  and 
are  plotted  in  fig.  h to  S. 

As  was  discussed  in  section  2C,  difficulties  were  encountered  in 
the  analytical  determination  of  hydrazine.  These  were  not  caused  by 
faulty  analytical  pi  jCC-Jujcs  cc  Is  indicated  by  the  fact  that  known 


Table  1.  Conversion  of  Armenia  into  Noncor.der.sabl*-'  Qa^e*  and  into  Hydrazine: 
F5  Flow  rat.*;  average  pressure  prevailing  in  the  discharge 
reactor*  t.  current:  V.  electrical  cower:  Xnc . mole  fraction 


of  nonc^ndensable  gases;  x 


n2hUj 


mole  fraction  of  hydrazine 


Run  ff 

. F 

L/min 

F 

mm  Hg 

I 

ma 

w 

Watts 

*nc  * 10" 

xN2Hh  X : 

8 

it. 8 

10 

106 

370 

12.5 

1.61 

9 

65.7 

238 

23.8 

1.69 

10 

la 

156 

52.5 

1.96 

11 

26 

105 

87.O 

1.79 

13 

15 

15. U 

190 

3h.l 

2.10 

m 

69.5 

27h 

62.6 

2.56 

15 

106. 

392 

100. 

2. hO 

16 

37.0 

15? 

2U.5 

1.9h 

17 

23 

hO 

202 

h6.7 

2.29 

18 

70 

332 

95.0 

2.09 

19 

no 

h7h 

- 

1.83 

20 

112 

h80 

Ih8 

1.81 

22 

9.7 

18 

ho. 8 

210 

21 

1.5 

26 

h2 

210 

23 

1.6 

23 

65 

3h0 

h9 

1.5 

2U 

105 

5oo 

8h 

1.6 

25 

107 

h90 

66 

1.6 

U2 

25 

5o.5 

290 

39 

1.9 

h3 

75 

hio 

70 

2.2 

hh 

io5 

5ho 

103 

2.1 

35 

2.h 

5 

19  r 8 

62 

10 

2.7 

37 

20.7 

67 

10 

2.7 

38 

35 

no 

23 

2.5 

39 

65 

190 

63 

2.7 

hO 

106 

310 

125 

2»h 

27 

15 

33 

lhO 

37 

2.7 

28 

h6.5 

180 

56 

2.h 

29 

71.0 

260 

101 

2.5 

30 

108 

370 

150 

2.1 

1? 


Table  1.  (continued) 


F 

Run  # L/min 


'?  I 

mm  Hg  Bui 


V 

’watts 


x 10' 


10' 


36 

23 

66 

220 

96 

2.3 

33 

73 

330 

165 

1.9 

31 

117 

670 

212 

1.6 

51* 

1.07  60 

91 

669 

(371) 

.87 

1.0 

y 

105 

500 

366 

.86 

52 

99.3 

5?? 

368 

.71 

51 

118 

587 

392 

.69 

50 

50 

108 

673 

626 

.32 

56 

30 

73 

365 

229 

1.2 

55 

122 

566 

388 

.78 

U8 

20 

50 

236 

151 

2.6 

56 

76 

306 

221 

1.7 

57 

119 

650 

306 

1.2 

61 

10 

29 

108 

66 

3.3 

60 

71 

220 

118 

2.6 

rn 

117 

367 

207 

2.1 

62 

3 

18.3 

66 

16 

63 

30 

76 

29 

6ti 

65.5 

112 

67 

65 

70.0 

176 

83 

66 

116 

268 

■A  V/W 

2) 


able  2: 

Conversion  of 

••oionia  Into 

i'.ydrazi  re,  S; 

■r.rels  Have 

Sar.e  Significance 

as  lit  .able  a. 

Hun  # 

F 

I./n  in 

7? 

W 

run  Hg 

r.a 

Watts 

x,.  x 10" 

‘A 

95 

2.1: 

7 

29. 

51.5 

2.12 

96 

r9.9 

171 

1.  '9 

Q7 

115 

322 

1.26 

98 

13 

30.0 

111.  5 

2.59 

99 

61.0 

206 

2.21 

100 

116 

365 

1.7U 

101 

31 

U5 

22h 

1.76 

102 

67 

3ULi 

i.5o 

103 

119 

5h6 

l.Ou 

10U 

U.8 

12 

30.5 

121 

1.31 

1C  5 

60.2 

221 

1.87 

100 

115 

1:01 

1.69 

107 

31 

1:5 

? 70 

1.89 

103 

7h 

396 

1.71 

109 

118 

566 

1.22 

110 

9.8 

19 

1*5 

235 

1.55 

111 

72 

373 

1.70 

112 

115 

565 

1 ^9 

«*■  O ✓ *- 

130 

1.07 

3.5 

13 

6.16 

131 

29.8 

73.0 

3.3U 

132 

5i.o 

121: 

3.6U 

133 

75.1 

133 

3.7h 

131* 

100.3 

2U1 

3.5U 

i or 

122 

29U 

(1.01) 

136 

12.8 

31.2 

3.26 

*»  O'? 

X J i 

:o 

16.8 

66 

a '>£ 

133 

32.0 

110 

2.77 

139 

1*9-5 

158 

2.50 

lUo 

31.9 

21:3 

2.67 

Ihl 

121 

351 

1.83 

21 
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FIG  4:  DECOMPOSITION  OF  NH  3 I U 
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solution*  of  hydrazine,  prepared  as  a check  again:  the  procedures,  were 

always  assayed  correctly,.  The  fact  tr.at  the  hydrazine  assays  of  the 
erper-" mental  samples  show  severe  scattering  is  taken  as  an  indication 
that  the  conditions  under  which  these  experiments  were  run  could  not  be 
controlled  sufficiently  to  allow  for  reproducible  assays.  No  attempts 
were  made  to  subject  the  operating  condition  specified  in  section  2A 
to  more  stringent  controls. 

Despite  the  scattering  of  the  data  several  features  common  to  these 
curves  ear.  be  characterized:  (1)  At  lew  values  of  W/r  (for  definition  of 
symbols  refer  to  section  3A;  W giver,  in  watts,  F in  liters  per  minute) 
in  the  range  20  <^W/F<^  160  the  hydrazine  yields  seem  to  be  little 
affected  by  the  power  input;  the  yields  in  this  range  of  W/F  all  lie 
between  two  limiting  values  indicated  by  the  horizontal  lines  in  fig.  Li  to  5* 
(2)  In  the  range  20  W/F  C 160  the  average  quantity  of  hydrazine  in 
mole  percent  in  the  discharge  products  decreases  slightly  as  the  flow 
rate  increases.  These  values  are  listed  below  in  table  3. 

Table  3*  Average  Values  for  vraction  of  Hydrazine  Produced  from 

Pure  Ammonia  as  a Function  of  Flow  Rat.»s  in  the  Range 
?0  < W/F<  160  watt-mi n/L 


Flow  rate(L/ain)  9.7  U.O  2.Lj  1.07 

1-8  2.1  2.1*  3.2 

(3)  Beyond  W/F  —160  the  hydrazine  yield  decreases  rapidly  with 
increasing  power  output.  In  fig*  5 (flow  rate  of  1,07  L/min)  the  drop 
in  hydrazine  yield  with  increasing  W is  fairly  sharp  in  the  range 
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?00^  v;/F<^  3^0;  beyond  this  range  there  is  little  further  change  in  x^u^ 

vrith  V.’/f.  (M  Ac  a f'i  r*cA  an  n>»nvi  nn  m rn  •>  + •?  r»  M f -i  « rs  »»n  c*  ^ » *»»  **♦  ** 

constant  flow  rate  have  relatively  little  effect  on  the  variation  of 
with  '.</?,  Careful  examination  of  the  data  shows  that  with  increasing 
pressure  the  hydrazine  yield  decreases  somewhat. 


The  above  results  will  be  discussed  further,  together  with  other 
experimental  work  in  section  A few  remarks  cf  a more  general  nature 
are  appended  here:  (5)  It  is  clear  that  at  w/F  - 0,  x_,  t7  0.  Consequently, 
all  slots  of  xM  y vs.  w/F  must  start  at  the  origin  and  oass  through  a 

*’2**U 

maximum  in  the  range  20  < W/FC160,  before  decreasing  again.  For  W/F  = 60 
relatively'  flat  maxima  are  actually  observable  in  a number  of  favorable 
cases  (see  runs  at  U.9  L/min).  However,  because  of  the  scattering  of 
the  data  these  maxima  are  not  well  defined;  since  further,  the  region 
w/f^  20  was  inaccessible  experimentally,  it  seemed  justified  to  characterize 
the  data  in  the  range  20  ^ W/F  160  by  observation  (1).  (6)  It  iz  to 
be  no  leu  that  at  best  the  iuci  fraction  cf  hydrazine  present  does  not 
exceed  U x 10  This  value,  equivalent  to  0.8g  hydrazine  in  lOOg  ammonia, 
is  in  line  v ith  those  obtained  over  a period  of  up  years  by  different 
investigators,  and  with  experimental  data  obtained  with  large  scale 
reactors  earlier  on  this  project.  (?)  In  the  range  w/F  160  and  at  a 
constant  flow  rate,  is  roughly  independent  of  W,  and  xJlc 

increases  linearly  with  W.  Thus,  in  order  to  minimize  the  d ccompc3ition 
of  fjiinonia  into  the  elements  nitrogen  and  hydrogen  relative  to  the 
decomposition  into  hydrazine,  the  lowest  power  inputs  capable  of 
sustaining  the  discharge  should  be  employed.  If  the  power  input  is  such 
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that  «/F  > 16C  ‘ l.ei.  'he  relative  +■  ii^)  yxr  i diminishes  even  more 

raoidl  V.  [’.Oder  f avnruhl  a rnrvHH  +.-i  r>n a F>st  t-i  nf’  r>c  ^inC^’^derSCble 

Cases  to  moles  of  hydrazine  obtained  in  the  aimonia  decomposition  was 
of  the  order  of  3 to  U.  In  most  cases  this  ratio  was  of  the  order  of  liO 
while  under  conditions  of  high  rower  input  the  ratio  was  as  high  as  1000. 
Thus,  as  far  as  oroduction  of  hydrazine  is  concerned,  the  use  of  an 
electric  discharge  under  the  conditions  described  earlier  yields  mostly 
unwanted  by-products,  (8)  Calculations  concerning  the  power  yields  showed 
that  these  ranged  from  0.0J;  to  8 g hydrazine  per  kilowatt-hour.  These 
values  again  are  In  line  with  those  cites  by  other  workers  and  found 
earlier  on  this  project.  As  the  flow  rate  is  decreased  under  constant 
electrical  conditions  the  power  yield  is  found  to  pass  through  a maximum. 
At  a given  t low  rate  the  most  favorable  power  yields  are  obtained  at 
the  lowest  possible  power  inputs.  An  increase  in  the  reactor  gas  pressure 
decreases  the  power  yield  slightly. 

C.  Decomposition  of  Ammonia  in  the  Presence  of  Water  Vapor 

Experimental  resales  concerning  the  decomposition  of  ammonia  in  the 
presence  of  snail  quantities  of  water  vapor  are  presented  in  Table  Lu 
The  mole  fraction  of  noncondensable  gases  produced  in  the  electric 
discharge  under  various  conditions  is  listed  under  the  column  The 

comparable  values  obtained  in  the  absence  of  water  vapor  are  listed 
under  the  column  xrc ; these  values  were  read  from  the  graph  presented 
in  fig.  3 t pertaining  to  dry  ammonia. 
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xvc  columns  in  table  U that  the 


It  is  apparent  upon  comparing  tues-s 
addition  of  water  in  mole  fractions  .from  O.Oift  to  r.nl.n  pT'9d”res  nc 
pronounced  effect  on  the  total  decomposition  of  ammonia  under  the  conditions 
studied.  The  differences  in  these  figures  are  no  greater  than  corresponding 
deviations  cf  the  data  upon  which  the  plot-  in  fig.  3 is  based. 

The  conversion  of  ammonia  into  hydrazine  in  the  presence  of  the 
water  vapor  is  also  listed  in  table  It.  Comparison  of  these  values  with 
fig.  U or  5 shows  that  in  every  case  the  mole  fraction  of  hydrazine  is 
only  half  as  large  as  that  obtained  under  comparable  conditions  with  pure, 
dry  ammonia.  More  exact  intercomparisons  are  not  possible,  due  to  the 
scattering  of  the  data. 

it  is  concluded -that  c-he  addition  of  small  quantities  of  water  vapor 
to  ammonia  does  not  affect  tne  extent-  of  total  decomposition  of  ammonia 
into  the  elements.  The  already  small  conversion  into  hydrazine  is  halved, 
however,  in  the  presence  of  these  small  quantities  of  water  vapor. 

D.  Ammonia  Decomposition  in  the  Presence  of  Nitrogen  and  Hydrogen 

General  Discussion:  The  decomposition  of  ammonia-nitrogen  or 

ammonia-hydrogen  mixtures  in  an  electric  discharge  is  oi  practical  interest 
since  the  decomposition  of  pare  ammonia  results  principally  in  the  formation 
of  nitrogen  and  hydrogen.  In  an  recycle  manufacturing  process  the 
concentration  of  there  nor condensable  gases  would  increase  greatly  in 
successive  -stages. 
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I'nder  operating  conditions  favorably  to  the  formation  of  hydrazine 

"inrn  ar-imoir'  o Vn  irH  rnrnn  anrl  n i 1 rru*nr.  aro  n Ari  nr  ■»  n s*  y*  a f t r»r>  5? 

* <0  ^ *->  t 

of  the  order  of  5 to  20  nole  percent  in  the  product  mixture.  i«o  new  effects 
could  therefore  be  anticipated  by  the  admixture  of  noncondensable  gases 
at  an  initial  concentration  of  20  mol  percent.  Consequently,  a £0 :?0 
starting  mixture  of  ammonia  with  nitrogen  or  hydrogen  was  used. 

Decomposition  of  Ammonia  into  Noncondensable  Cases:  The  experimental 

data  obtained  with  ammonia-nitrogen  or  ammonia-hydrogen  mixtures  are 
presented  in  tables  5 ar.d  6.  The  various  values  of  x,  y,  z,  were 
calculated  as  explained  in  detail  in  section  2 D, 

Fig.  6,  curve  (a),  represents  the  fraction  of  the  ammonia  in  the 
starting  mixture  which  has  been  decomposed  into  noncondensable  gases, 
y,  as  a function  of  V/JT'  As  discussed  in  section  2 D,  the  scattering 
of  the  experimental  points  in  this  graph  is  a consequence  of  the  calculations 
in  formula  (ll*)«  Theso  calculations  involve  small  differences  between 
nearly  equal  numerical  values. 

It  is  seen  nevertheless,  that  the  majority  of  the  experimental 
points  lies  well  below  +he  straight  lino  (b)  which  plots  y versus  w/  f'F' 
when  pure  armonia  was  passed  through  the  discharge.  Curve  (b)  was 
obtained  from  fig,  3,  using  formula  (11).  It  is  to  be  concluded  that 
when  nitrog  .n  or  hydrogen  are  initially  admixed  with  armonia,  the 
fractional  decomposition  of  2NH^  into  ^ + 3H~  is  considerably 
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Approximate  Calculation  as  described  in  section  2D 


Table  6:  Decor, position  of  Armcnia-Hydrogen  Mixtures:  --or  definition  of  Symbols  see 

tabl°  5,  except  that  xc  refers  to  mole  fraction  of  hydrogen  present  in 
starving  mixture. 
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* Approximate  calculation  as  described  in  section 


decreased.  'i  he  scattering  of  the  data  does  not  permit  any  conparisor.  to  be 
made  between  the  effectiveness  of  nitrogen  and  hydrogen  in  suppressing  this 
relative  decomposition.  Similarly,  it  is  not  possible  to  decide  whether,  as 
in  the  case  of  pure  ammonia,  the  plot  of  y versus  W/J  F'yields  a straight  line. 

Decomposition  of  Ammonia  into  Hydrazine : The  fraction  of  ammonia  present 

in  the  starting  mixture  which  is  decomposed  into  hydrazine  is  listed  in 
tables  $ and  6.  This  quantity  z is  plotted  against  W/F  in  figs.  7 and  8. 

Foi  comparison  the  r<*nge  of  z values  obtained  with  pure  ammonia  is  shown 
as  horizontal  dotted  lines.  These  z values  were  calculated  from  figs,  li 
and  $ using  equation  (12). 

Inspection  of  these  figures  shows  the  following:  (a)  Y/hen  nitrogen 
is  used  as  a diluent  the  fraction  of  ammonia  decomposing  into  hydrazine 
never  exceeds  that  observed  with  pure  ammonia.  For  W/f > 80  this  value  z 
is  even  considerably  less  for  the  ammonia  - nitrogen  mixture  than  for 
amr.or.ia  itself.  Compared  to  the  curves  in  figs,  h or  5 (pure  ammonia), 
the  plots  in  fig.  ? show  a much  more  pronounced  maximum,.  It  can  be 
concluded  that  the  presence  of  nitrogen  in  the  discharge  is  detrimental 
to  the  fomation  of  hydrazine,, 

(b)  .Vhen  hydrogen  is  used  in  the  starting  mixture  the  fraction  z 
at  medium  power  inputs  is  greater  in  the  presence  than  in  the  absence  of 
this  diluent  at  lev;  flow  rates,  Ac  the  power  input  is  raised  at  a given 
flow  rate  the  quantity  z passes  through  a ns  timin which  is  very  pronounced 
at  low  flow  rates.  As  the  flew  rale  is  increased  the  position  of  the 

3k 


FIG.  7:  DECOMPOSITION  OF  AMMONIA  INTO  HYDRAZINE  IN 
THE  PRESSURE  OF  NITROGEN  AS  DILUENT 
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maximum  shifts  toward  the  origin  and  decreases  in  size.  Under  appropriate 
cuuux ui j a uWu  lo  viLiee  1 ui.u  mcrease  1* » ^ u u&jl i i^u  ^ * v*  i * *.i 

corresponding  tc  pure  ammonia. 

Since  the  presence  of  hydrogen  not  only  inhibits  the  decomposition 
of  ammonia  into  ncncondensable  gases  but  also  increases  the  conversion  of 
ammonia  into  hydrazine  its  usefulness  as  an  additive  should  bu  further 
investigated, 

over  yields  obtained  with  hydrogen  as  diluent  were  found  to  decrease 
from  to  2.3  g/KV.H  as  power  ii\put  was  raised  from  minimal  ty  maximal 
values  at  flow  rate  of  2,1  L,/min«  At  a flow  rate  of  b.8  L/min  the  power 
yields  decreased  from  13  to  2,1  g/KWH.  These  values  are  more  favorable 
than  those  obtained  with  pure  ammonia  under  comparable  conditions.  The 
power  yields  decrease  uniformly  as  z passes  through  its  maximum  with 
increasing  power  input.  Consequently,  best  power  yields  always  obtain 
at  the  lowest  power  levels  which  will  barely  sustain  the  discharge,  but 
not  at  the  levels  required  for  obtaining  maximal  z values. 

The  maximal  value  z - 12  (10~^),  observed  in  run  195,  corresponds  to 
the  low  conversion  of  1,2  g hydrazine  per  100  g armonia.  This  value  is 
larger  by  a factor  i three  halves  than  the  comparable  value  obtained 
with  pure  ammonia- 
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E«  Armenia  Decomposition  in  the  Presence  of  Helium 

It  seemed  of  interest,  in  view  of  the  results  obtained  with  hydrogen, 
to  examine  the  effect  of  helium  as  a diluent.  Accordingly,  60  - UO  or 
?f*  - 10  mixtures  of  ammonia  and  helium  were  passed  through  the  electric 
discharge  under  5 variety  of  conditions.  The  results  are  presented  below. 

Decomposition  of  Ammonia  into  Nitrogen  and  Hydrogen:  The  fraction  y 

of  ammonia  which  is  decomposed  into  ncncondencable  gases  under  specified 
conditions  is  listed  in  table  7.  A plot  of  y vs.  W/  J~P  is  shown  in  f±g.  6, 
curve  (c).  Comparison  to  the  curve  obtained  with  pure  ammonia  shows  that 
the  decomposition  is  enhanced  in  the  presence  of  helium.  As  in  the  case 
of  pure  ammonia,  the  data  on  this  plot  fail  on  a straig.ot  iine- 

Decomposition  of  Ammonia  into  hydrazine;  Data  on  the  conversion  of 
ammonia  into  hydrazine  are  given  in  table  . The  quantity  z is  plotted 
amai-st  W,/F  in  figs.  9 and  10.  Inspection  of  these  graphs  shows  the 
following:  (a)  The  z values  pass  through  a very  sharp  maximum  as  the 

power  input  is  increased,  (b)  The  position  of  the  maximum  is  shifted 
toward  th°  origin  and  is  accentuated  as  the  flow  rate  is  raised.  In  these 
two  respects  the  behavior  of  helium  as  a diluent  is  the  same  as  that  of 
hydrogen,  (c)  Compared  to  the  experiments  carried  out  with  pure  ammonia, 
the  fractional  conversion  of  ammonia  into  hydrazine,  z is  increased  by  a 
factor  of  two  fo  u.  roe.  The  highest  z values  of  the  order  of  17  x 10  ^ 
were  found  in  the  run  carried  out  at  a flow  rare  of  1.1  L/mir.;  this  v.lue 
represents  a conversion  of  3*1:  g hydrazine  produced  per  100  g ammonia 
introduced  to  the  discharge.  The  extent  of  conversion  thus  is  still  quite 


36 


•v  QJ 

1*1  W f H 
<D  r\ 

- § fe 

H O 

c a 
o /-< 

O * K 
»■"*  ^ 

•H  ••>  C 

«A  it) 

+*  Jh 

« C J r 

* 2t< 

!5  5 t 

■r  I O 


■H  U -> 
b>  0 OJ 


J 

■■  H 

•H  ^ « 4-> 

-1  o 

s:  o c o-) 

•v 

i,' 

•H  C' 

*% 

C *H 

a> 

► — • 

O CJ  'O  X> 

t*J 

d 

n *h  a)  h 

d 

••*  *H 

o -^>  to 

rj 

0) 

o o o d 

x! 

x>  *p 

L*  CTJ  C.  c3 

CJ 

•J  J5 

a w E ,-T 

a 

*o  (0 

O O- 

*H 

t?  CJ 

o 

SZ  •»  <D  O 

SJ  ^ 

J NTJ  > 

o 

X .■? 

-►-> 

•H 

- bj 

C c 

M 

. 1 1 

•H  d o ^ 

, J 

;;  *! 

O <D  U 

C> 

u .1 

n X>  a 

o 

*H  "■ 

C » i 

'H 

T5  - 

■J)  (O 

■ i 

J 

<vJ  <0 

x .x 

tu)  q>  x:  •» 

c: 

•r-< 

^ >» 

*H 

* 1 

c x:  m 

^ •-  ) 

rH  O O 

C<3 

•H 

X 

o x 

^ K rJ  > 

g -H  x.  -H 

d 

;■)  o 

o)  d ^ 

c 

"?  . ! 

c:  o 

ii 

O -P 

«i>  x*  •»  o 

^ o 

tj  o <D  a 

a 

t;  ^ w 

u 

o *D  3 0) 

Vh 

Zj  '*  ■* 

o o +>  ^ 

:J  C 

C ^ rH 
O O O 
•H  > E 
rj 

•H  C 

w * X 


E •"  P 

o <u  p 

O +*  D, 

<B  rt  c 

q k<  -«h 


C t.  X 
o ci.  t<  y 
C EC 
C ■<- 1 
<•-1  H tC  N 
C'  CD 
<U  -;-i  l. 
C C *J  "3 

O -H  (<  >, 

•ri  N 
rt  *> 

a r-.  « o 

rt  TJ  -3 

.5 


Q j 


i 

o ■: 


* * $ l t 

O n>AC>(M3  o O Xj  C--  O f-i  X/\  UN  .M  UN  XD 

e*>»*k#**® 


O r--;  .nOb\  o xt 

H H H H 


^\J  C\J  O CN  O vO 
rH  CM  O’NXT  c CO  CO 


t"-  xl  x>  o c^-  un  h xt  O 

r- 4 f — 4 rH  r—i  t 4 rH 


r*U'-  (V<  H r-  O O ^ ^ t+\  ^Xf  O C\l  rH  3-f\X3 

cmxjocncmO^OvOO  x)  o^jn 

• »*•*>•€•  • •*C«*C*CC 

r-IH^OONNHOO  ntM  H H r-l  C\J  CVJ  n 


CO  ao  -a  CM  CVI  CM  o 

3\'NO^-cn^'0 


-3_JsO  so  -3  03 

CO 

tr\ 

C\J 

ON 

; o o\  co  c-  ao 

-o 

O 

CM 

CO 

O CO  CO  CO  <o  CO 

CO 

XT 

c'A 

0_JCVU\0-3lAO\V\ 

CO  ,o  o ao  oo  o vr\  co  _3 

H r-t  H CM  CM  CO  CO 


fH  OC-lO  OOl-OcO'LfX 
> — ( CM  ' ' \ O O 'O  CO  r“4  r“4 


CMCOrHCOsOOCNrHrH 

JCNJOv-O  O CO 
HHCV1CM  Hrl 


.-C  Os  CN  CO  o®  J JCA 

.-(  cm  .cp  O Os  O CM  ro_cj 


e 

nJ 

5 

<D 

a 

(0 

5 

4-> 

*w 

• 

0) 

CM 

n 

c 

c 

T> 

o 

■f-i 

k — 

x> 

O 

o 

rH 

0) 

c 

CO 

LX 

a 

CM 

j 

c: 

C 

•H 

d 

o 

o 

c 

♦H 

-p 

3 

X 

o 

O 

>N 

-X 

0) 

UC 

w*) 

o 

o 

rH 

00 

c 

CTJ 

cn 

-H 

q 

”8 

3 

• 

>»  V4. 
J£>  \S\ 

■s 

*H 

rH 

u 

rH  ^ 

#-• 

o 

O rH 

O 

CO 

• JO 

rH 

a> 

tw 

o 

rt 

TJ 

o 

o 

to 

C--  d 

d 

03 

r*N 

c 

• to 

*j 

C 

..  ,H 

rH 

o 

O 

•H 

TJ 

O 

<TJ 

>?S 

0) 

rH 

3 

•H 

U O 

xz 

O 

c o 

X 

♦—4 

•H  E 

CTJ 

j«: 

C 

O 

rt  C 

*->  T 

♦H 

a> 

to 

-p 

*>  N 

4-> 

c6 

T> 

rH 

0)  C P 

+->  *H  to 


vOlAOC-OncOHCN 

vO-OOsOC'-O-'Ct'-sO 


O -4Vf\  o C — CO  O r—i  CM 

O O O O O O <-(  <-(  r-t 

CM  CM  CM  CM  CM  CM  CM  CM  CM 


39 


Tabic  7 (Continued 


/ 


) m C"-  r-  _H  rH  J7  CVJ  r^co 

j ^^OOv'DlAr\rOi  tD  O 3 O CV  CM 


U\  O O^AU\p^'^ 

rH  rT  r H H 


fU\AQ  Q -J 

M >0  5 r\-^  H o HCD 


UMAIA  UN  C^NCJ 

vO  C*-  <*\  t*-  co 


rH  rH  CVJ  r-H  r-H  rH 


rH  >0  vxj  CO  C\ J —17  Csj  C - sO 
0*-  Ov  CM  -=T  Ov  . -a  C^-  O 
.H  H H vM  H (VJ  r\ 


co  OJU\H( 
— u r — o -u  co  v 


h ochfvj-ycn  cm  ~u  r^- 

sOVTNO  0\A(MAO^ 
OH  i^jVA^CKr^lhO 


c*n  un  un  cn  Ov 

c • • t • • 

UN  c'NJ  Q CM  O 
rH  CM  C'NUS  O Ov 


<*>  -i/  \n  o C"-  co  CN  O ,_j 

rH  HrHHHHrHCViR 

cmcmcmcmcmcmcmcmcm 


un  sO  cm  ^4  r^- 

CM  CM  CM  OJ  CM  CM 
CM  OJ  CM  CM  CM  CM 


I 


I 


FIG  9:  DECOMPOSITION  OF  AMMONIA  USING 
HELIUM  AS  DILUENT 
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DECOMPOSITION  OF  AMMONIA  USING 
HELIUM  AS  DILUENT 


s'.. ,li.  ( d ) In  one  sot  of  runs  the  ratio  01  aej ium  tc  ammonia  introduced  to 
the  reactor  was  of  the  order  of  ? to  8 mole  percent,  ihe  data  are  plotted 
in  fig.  9.  Ihe  results  very  closely  resemble  those  obtained  with  pure 
aaionii.  Thus  the  presence  of  helium  as  diluent  in  low  proportions  does 
not  affect  the  extent  of  decomposition  of  ammonia  into  hydrazine. 


Power  yield  calculations  for  a variety  of  experimental  conditions  are 
presented  in  table  o. 


Table  8;  Tower  Helds  Obtained  in  the  Decomposition  of  Ammonia  into 
Hydrazine,  '.'sing  Helium  as  Diluent;  F,  flow  rate;  x mole 
fraction  of  ammonia  in  starting  mixture;  ?^,  maximum  power 

yield;  ?2>  nininun  ;:ower  yield. 


F L/r:in 

*0 

3.U 

0.37 

to 

0.39 

2.1 

0.36 

to 

0.1(2 

2.1 

0.070 

to 

0.075 

1.1 

0.37 

to 

0.38 

Hp  g/h'.vK 

-2  z/ H- 

22.3 

1.63 

21.3 

i cc 

- • 

12.3 

2.0 

9.3 

0.68 

Since  these  power  yields  decrease  nonotonically  as  the  power  input 
is  raised  it  is  found,  as  in  the  case  where  hydrogen  is  used  as  diluent, 
that  optimum  power  yields  occur  at  the  lowest  possible  power  inputs. 
Therefore,  in  the  range  of  higher  power  input  where  z attains  its 
maximum  the  power  yield  is  notably  poorer.  Under  optimum  conditions 
the  power  yields  attained  in  these  experiments  are  three  time:;  as  large 
as  those  obtained  with  pure  ammonia.  In  the  range  of  power  input  where 
z reaches  its  maximum  the  power  yields  are  up  to  twice  as  large  as  the 


hi 


best  yielas  obtained  with  pure  ammonia 


Even  for  helium  admixtures  in  the 


nr.  r>f  7 T*ie1  p nnrronf  * ^ 1 '1  ° .2  T“''  "72  *“  ■ ^ ,r  **  *"•  Y7Ci  CY7T* 

obtained  wilh.  rare  ammonia  under  identical  conditions. 

Since  the  use  of  helium  as  a diluent  increases  the  power  yields  consider- 
ably the  conversion  of  ammonia  to  hydrazine  in  Ihe  presence  of  this 
additive  merits  further  study. 

U . DBCOMrCSITlON  OF  HYDRA 2 IKS  IK  niSCHARdES,  USING  AilHONIA,  hITRCCEN, 

F\T)HC:EM  , OH  HELIUM  AS  CARRIER  GASES 

A.  Introduction 

The  premise  that  Hydrazine  decomposes  rapidly  in  an  electric  discharge 
has  been  advanced  repeatedly  and  is  often  used  as  a basis  for  attempts  to 
improve  hydrazine  yields  in  ammonia  conversion.  It  is  therefore  of  great 
imr.rtanc“  c ascertain  how  readily  hydrazine  is  destroyed  under  the 
acti  n of  the  discharge  plasma.  For  this  purpose  hydrazine  was  admixed 
with  carrier  gases;  the  mixture  was  then  passed  through  the  discharge 
and  the  hydrazine  concentration  was  determined  before  and  after  passace 
through  the  reactor. 

I 

3.  Decumpoo i lion  as  a Function  of  rower  Input 

The  decomposition  of  hydrazine  as  a function  of  power  input  in  the 
discharge  was  studied  using  ammonia,  nitrogen,  hydrogen,  and  helium  as 

i 

carrier  gases.  Results  are  reported  in  tables  9 A to  9D  and  in  figs.  11 

i 

and  12.  In  these  figures  the  ratio  X/X0  is  plotted  against  W/F. 
i I 
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FIG.  !i:  DECOMPOSITION  OF  HYDRAZINE 
USING  AMMONIA  OR  NITROGEN  AS 
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Here  X and  Xo  represent  the  mole  fractions  of  hydrazine  present  in  the  carrier 
gas  after  and  before  passage  through  the  discharge;  w/f  in  energy'  supplied 
to  the  mixture  per  unit  gas  volume  introduced  to  the  reactor.  Inspection  of 
the  figures  shows  the  following:  (a)  At  a constant  mass  flow  the  fraction 
of  hydrazine  r .^ning  after  passage  througn  ...  ^.xccuarge  decreases  almosu 
linearly  with  increasing  power  input,  (b)  When  noncondensable  gases  are 
used  as  carriers  this  relation  is  obeyed  down  to  values  of  X/Xo  near  0.03. 

Near  this  fractional  value  the  slope  of  the  curves  changes  abruptly  and 
becomes  nearly  horizontal,  indicating  that  further  decomposition  of  hydrazine 
can  be  achieved  only  at  very  much  increased  power  levels.  When  ammonia  is 
used  as  carrier  gas,  uhe  abrupt  change  in  slope  occurs  near  the  value 
X/X0  0e2  and  the  curve  seems  to  approach  the  value  X/X0-  0.1  asymptotically 
for  large  W/K.  The  difference  in  behavior  between  ammonia  and  the  other 
carrier  rases  is  due  to  the  regeneration  of  some  of  the  hydrazine  by 
decomposition  of  ammcnia  in  the  discharge.  In  this  process  noncondensable 
ga.'1'.":  are  also  formed,  so  that  gases  other  than  ammonia  act  as  carriers 
as  .•;eli.  (c)  As  the  flow  rate  is  decreased  the  fraction  of  hydrazine 

destroyed  at  a given  power  level  increases.  Compare  for  example  runs  173 
and  182,  l?li  and  133,  H3  and  121,  or  115  and  120  in  table  9.  This  is  to 
be  expected  since  at  constant  pressure  and  temperature  the  residence  time 
of  hydrazine  varies  inversely  with  the  flow  rate,  (d)  The  fraction  of 
hydrazine  destroyed  at  a given  power  level  increases  in  ammonia,  nitrogen, 
hydrogen,  and  helium  in  that  order. 


C.  Decor, position  Products 


The  last  two  columns  of  table  9 A give  some  information  concerning  the 
nature  of  the  decomposition  products  of  hydrazine  in  a discharge.  As  is 
chv".~  1:1'-.:,  doi-a  *re  inconsistent  with  any  reaction  scheme  involving 

decomposition  of  hydrazine  into  nitrogen  and  hydrogen  ony.  This  constitutes 
indirect  evidence  that  the  decomposition  of  hydrazine  into  ammonia  may  occur. 

The  effect  is  illustrated  by  experiment  119,  table  9A,  which  is  selected 
for  the  low  power  level  at  which  hydrazine  synthesis  is  known  to  be  favorable. 

Let  np,  np,  and  ny  represent  respectively  the  number  of  moles  per  unit 
vcluraejof  hydrazine,  noncondensable  gases,  and  of  ammonia  present  in  the 
product  mixture  after  ammonia  - hydrazine  mixtures  are  passed  through  the 
discharge.  Let  npQ  and  n^Q  be  corresponding  quantities  in  the  starting  mixture 
n£o  has  the  value  zero.  Let  n - h n2  n^  and  ng  n^g  + n^g. 

The  difference  Axp  - - Xpg  is  given  in  columns  6 and  7 of  table  9A. 

Tt  has  the  numerical  value  /J^l-  (21.2  - 12.1)  x 10“^,  i.e. 

- 9.1  X io"3  (16) 

r ti 

o 

Under  the  conditions  of  the  experimen+  n^Q«.  n^g  and  nl^<'n2<<  n^; 
moreover,  ni  x r10«  -n  view  °f  these  inequalities  it  is  permissible  as  a 
first  approximation  to  set  nsng. 
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Assume  now  that  hydrazine  is  decomposed  into  the  elements  according 


to  the  equation 

N2HU'N2  2 h2 


(17) 


One  then  finds  that 


nl  “ n10  - 


- <n2-n20)z  - "2 
3 3 


and  accordingly 


(18) 


n2  _ 3(n1_nio)  /n  n10\  , 

Axp  - — - ^ 3:  _i  > l - 3 Ax-,  - 27.1  x 10*3 

n « \ n 1 ' 


(19) 


The  experimentally  observed  value,  taken  from  the  last  two  columns 
of  table  9A,  is  given  dv  /\x2=(32  - i6  1 2 ) 10  (16^2)10  . Since  this 

latter  value  is  less  than  that  computed  on  the  basis  of  equation  (17) 
it  must  be  concluded  that  the  decomposition  of  hydrazine  solely  into  the 
elements  nitrogen  and  hydrogen  does  not  occur. 

In  this  connection  it  is  of  interest  to  note  that  a determination 
of  the  hydrogen  to  nitrogen  ratio  in  the  discharge  product  may  not  give 
any  information  concerning  the  mechanism  of  the  hydrazine  decomposition. 
For  example,  the  deconpos'tion  of  ammonia  might  proceed  according  to 
either  of  the  two  schemes 

2 NH3  - N2Hi1t-Il2  (20) 

li  NH3  - Ng*  H2-»-N2H1j  (21) 


^1 


while  the  hydrazine  decomposition  might  be  expected  a priori  to  occur 
according  to  the  scheme* 


N2tH2  (22) 

3 N2  + U NH3  (23) 

If  now  equation  (20)  or  (21)  is  combined  with  either  (22)  or  (23) 
by  eliminating  the  quantity  N2Hj|  one  obtains  a net  reaction  in  which 
the  molar  quantities  of  N2  to  H2  are  in  the  ratio  1 : 3* 


5.  DISCUSSION 

A.  Absolute  vs.  Relative  Conversion 

It  »**!  sh"*fn  in  section  3 that  the  us®  of  hydrogen  or  helium  as  a 

diluent  greatly  increased  the  fractional  conversion  of  ammonia  into 

hydrazine.  It  must  be  emphasized,  however,  that  the  absolute  quantities 

of  hydrazine  obtained  in  the  presence  of  the  diluents  are  no  greater  than 

those  obtained  in  their  absence.  Table  10  may  be  used  for  comparison 

purposes.  The  next  to  last  column  lists  the  maximum  relative  conversion 

Zjn  under  a variety  of  conditions.  The  last  column  lists  the  maximum 

absolute  quantity  of  hydrazine  which  was  obtained  in  the  five  liter  volume 

of  flask  "A"  under  those  same  conditions.  These  numerical  values  were 

/ _ , / 

computed  according  to  the  formula  gm:gm  p/p8>  where  gm  is  the  maximal  weight 
of  hydrazine  assayed  in  the  flask  under  a given  set  of  conditions  at  the 
sample  pressure  ps,  and  where  p is  the  average  gas  pressure  in  the  reactor. 
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Inspection  ef  table  10  shows  that  vhi^e  the  maximal  z values  increase 
upon  addition  of  diluent,  the  quantity  does  not  cnange  significantly, 
under  comparable  reactor  pressures  and  flow  rates.  Numerically,  gm  has 
values  in  the  range  0.1  to  0.6  mg  hydrazine  in  a five  liter  volume  at 
reactor  pressures  in  the  range  h to  hO  mm  Hg.  Clearly,  even  under  optimal 
conditions  the  amount  of  hydrazine  produced  in  these  experiments  is  very  low. 


The  principal  advantage  accruing  from  the  use  of  inert  diluents  is  the 
increase  in  power  yield  over  that  of  pure  ammonia,  as  is  indicated  in 
table  3. 


Table  1C.  Comparison  of  Relative  and  Absolute  Quantities  of  Hydrazine 
Produced  by  the  Decomposition  of  Ammonia;  flow  rate; 
p average  pressure  in  the  discharge  tube;  xc,  average  mole 
fraction  of  diluent  initially  present;  zn,  maximum  value  of 
fraction  of  ammonia  decomposed  into  hydrazine  on  a molar  basis; 
gm,  maximum  weight  of  hydrazine  observed  in  the  five  liter 
hulb  ’’A"  at  the  pressure  p. 


Dii uent 

F 

I./min 

P 

mm  Hg 

xo 

z x 10-'’ 
m 

6m 

mg 

h2 

2.1 

u 

.50 

H.5 

0.08 

He 

2.1 

8 

.39 

15.5 

0.26 

1.1 

6 

.33 

17 

0.21 

1.1 

31 

.37 

5 

0.3U 

None 

2.U 

5-7 

0 

6 

0.15 

2 .ii 

13-15 

0 

6 

0.33 

2.1 

23 

0 

t 

0.U2 

2.1 

31 

0 

h 

0.57 

None 

1.0? 

10 

0 

7.0 

0.31 

1.07 

20 

0 

5.0 

0.32 

1.07 

m a 

r\ 

w 

o o 
«-  • *_ 

-3C 

1.07 

ho 

0 

2.1 

0.27 
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B.  Synthesis  and  Decomposition  of  Hydrazine  in  the  Discharge 
The  decomposition  of  hydrazine  in  an  electric  discharge  occurs  very 
readily,  as  is  indicated  by  the  data  of  section  It.  This  fact  places  an 
”rr~~  i-inMt.  on  the  hydrazine  ccr.''0"*’’0*"*'"'"  « n ^ oan  he  reached  by  the 
action  of  a sceaoy  electric  discharge  on  ammonia. 

A very  simple  method  of  minimizing  the  decomposition  of  newly  formed 
hydrazine  would  seem  to  be  the  use  of  pulse  discharges.  The  intensity  and 
duration  of  the  pulse  should  be  such  as  to  allow  formation  of  the  maximal 
number  of  free  radicals  or  ions.  These  should  be  given  a chance  to  undergo 
various  recombination  reactions,  and  any  hydrazine  Tormed  should  be  swept 
out  from  the  reactor  before  application  of  the  next  pulse. 

6.  SUMMARY 


The  decomposition  of  ammonia  into  hydrazine,  nitrogen  and  hydrogen 
under  the  action  of  an  electric  discharge  has  been  investigated,  and  the 
decomposition  of  hydrazine  in  the  discharge  was  studied. 

A water  cooled  Pyrex  glass  tube,  0.8  cm  diameter,  15  cm  in  length, 
served  as  the  reactor.  The  longitudinal  discharge  was  maintained  between 
two  copper  electrodes.  Ammonia  or  noncondensable  gases  were  introduced 
to  the  reactor  through  reducing  valves  and  flowmeters.  Hydrazine  or  water 
vapor  could  be  introduced  through  capillary  leaks  if  desired.  After 
passing  through  the  discharge  tube  a portion  of  the  effluent  gas  aixture 
was  led  to  an  analytical  vacuum  manifold,  which  had  been  previously 
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evacuated  to  pressures  less  than  1^.  Upon  measuring  the  gas  pressure  in 
the  analytical  maniloid.  a x'ive-liler  g i*es  bulu  removed  to  the 
analytical  laboratory  for  hydrazine  assay.  Another  two-liter  bulb  was 
isolawod  from  the  analytical  r..  o and  its  cold  linger  immersed  in  liquid 
nitrogen  to  freeae  out  condensable  gases.  After  a lapse  of  30  minutes  the 
pressure  of  the  noncondensable  gases  was  determined.  When  diluents  were 

employed  in  this  work  a blank  sample  was  also  obtained  in  the  absence  of 

the  discharge  to  aacertaln  the  composition  of  the  starting  mixture. 

The  hydrazine  assay  was  carried  out  by  absorbing  the  gas  in  0.1  N 
hydrochloric  acid,  diluting  aliquot  portions,  and  developing  color  with 
p-dimethylamino-benzaldehyde.  The  light  absorption  w as  read  on  an 
electro,  hotomeuer. 

The  decomposition  of  pure  ammonia  into  hydrogen  and  nitrogen  can  be 
characterized  by  the  empirical  equation 

Xnc  » 7»ii  x 10"k  W /Af1-  0,028 

where  XnC  is  the  mole  fraction  of  noncondensable  gases  in  the  effluent 
mixture,  W the  power  input  in  watts,  and  F the  flow  rate  in  1/min.  This 

equation  is  obeyed  over  power  inputs  ranging  from  $0  to  675  watts  and  over 

flow  rates  ranging  from  1 to  10  L^nin.  The  decomposition  of  ammonia  into 
its  elements  is  found  to  be  independent  of  reactor  pressure  in  the  range 
3 to  5 0 mn  Hg. 

Results  concerning  the  decomposition  of  pure  ammonia  into  hydrazine 
showed  somewhat  erratic  scattering.  It  was  found  that  tne  mole  fraction 
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of  hydrazine,  obtained  in  t.'n*»  product  mixture  did  not  depend  markedly 

on  pressure  or  on  the  ratio  W/F  in  the  range  0^  W/F/  160.  In  this  region 


all  va^ues  were  observed  experiment*! 1^  x .1  1 .ai  * '.It?  L IU Ley  AW 


-3 


1 1 J ^ 4-  « 4*1  <«.  • _ - a-  - 

o ky  v'*  ju  tvu  « v « m * * aw  a a • vq 


^ - Th*  'K2%  •“ 

increased  slightly  with  decreasing  flow  rate,  ior  values  of  W/F  > 160  the 

quantity  x\  q.  decreased  rapidly.  Power  yields  ranged  from  O.Oii  to  8 g. 

‘ 2'  U 

hydrazine  per  KWH,  the  most  favorable  yields  being  obtained  at  the  lowest 
possible  power  inputs.  The  conversions  obtained  were  in  the  range  O.h  to 
0.8  g hydrazine  per  lO)  g ammonia.  For  the  majority  of  experimental 
conditions  the  ratio  of  moles  of  noncondensable  gases  to  hydrazine  produced 
in  the  discharge  was  in  the  range  200-30C. 


When  nitrogen  was  used  as  diluent  in  50-50  mixtures,  the  decomposition 
of  ammonia  into  its  elements  was  decreased  by  a factor  of  two,  and  the 
decomposition  into  hydrazine  was  not  affected  appreciably.  Small  quantities 
of  water  vapor  were  found  to  lower  the  hydrazine  yield  by  a factor  of  two. 
Isir.g  hydrogen,  the  ammonia  decomposition  into  the  elements  was  suppressed 
but  the  formation  of  hydrazine  was  greatly  enhanced.  The  fraction  of 
ammonia  in  the  starting  mixture  converted  to  hydrazine,  z,  passed  through 
a sharp  maximum  as  the  power  input  was  raised,  hinder  optimum  conditions 
z values  in  the  range  of  .7  to  1.2  mole  percent  were  found,  corresponding 
to  a maximum  conversion  of  1.2  g hydrazine  per  100  g of  ammonia.  Power 
yields  in  this  set  c:  experiments  were  in  the  range  2„1  to  13  g/KWH.  Use  of 
helium  in  ii0:60  ratios  enhanced  decomposition  of  ammonia  both  into  the 
elements  and  into  hydrazine.  Again  the  quantity  z was  found  to  pass 
through  a sharp  maximum  as  the  power  input  was  raised.  Fractional  conversions 
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up  to  z -1.7  mole  percent  were  reached,  corresponding  to  conversions  of 
3.b  c hydrazine  per  ICC  g.  ammonia  introduced  into  the  reactor.  Depending 
on  operating  conditions,  power  yields  ranging  between  0.?  and  22  g/KWH  were 
observed,  with  highest  values  being  found  at  the  lowest  possible  power 
inputs  and  at  flow  rates  in  the  range  2.1  to  3.U  L/min.  Thus  the  use  of 
hydrogen  or  helium  as  a diluent  S6ams  to  be  favorable  to  the  formation  of 
hydrazine. 

The  decomposition  of  hydrazine  in  the  discharge  was  also  investigated, 
using  ammonia,  hydrogen,  nitrogen  and  helium  as  carrier  gas.  w'i  th  initial 
hydrazine  concentrations  in  the  range  up  to  U mole  percent,  decomposition 
was  found  to  occur  readily  in  the  discharge,  the  extent  of  which  increased 
roughly  linearly  with  power  input.  After  the  hydrazine  concentration 
reached  a value  ranging  from  one  to  three  tenths  of  the  initial  concentration, 
the  rate  of  further  decomposition  with  increasing  power  input  levelled  off. 
Indirect  evidence  is  presented  to  show  that  ammonia  is  formed  in  the  course 
of  the  decomposition  of  hydrazine. 

The  experimental  results  are  discussed  briefly,  it  is  emphasized 
that  even  under  condition  where  the  relative  conversion  of  ammonia  into 
hydrazine  is  large  the  absolute  amounts  of  hydrazine  produced  are  small, 
i.e.  of  the  order  of  0.1  to  0.6  milligrams  in  a five  liter  volume  at 
pressures  in  the  range  h to  lt0  nun  Hg.  It  is  suggested  that  hydrazine 
yields  might  be  improved  by  use  of  a pulse  discharge. 
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ABSTRACT 


A preliminary  study  has  been  made  of  the  chemical  composition  of 
the  solids  formed  from  the  reaction  between  titanium  tetrachloride 
and  hydrogen  in  an  electric  glow  discharge.  The  composition  of  these 
solids  was  compared  with  that  of  the  solids  formed  in  the  high 
temperature  thermal  reaction,  and  the  two  were  found  to  be  qualitatively 
similar.  The  use  of  a discharge  was  not  found  in  this  work  to  offer 
any  advantages  over  that  of  a furnace  in  the  decomposition  reaction 
between  titanium  tetrachloride  and  hydrogen. 
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INTRODUCTION 


A reaction  takes  place  between  titanium  tetrachloride  ar.d 
in  an  electric  discharge  w it n the  formation  of  solid  products  which  in 
some  case3  may  contain  titanium  metal.  The  work  reported  here  was  designed 
to  pain  seme  preliminary  information  on  the  total  composition  of  the 
o^iids.  The  results  are  discussed  as  they  relate  to  the  possibility  of 
developing  this  reaction  as  a practical  method  for  producing  titanium  metal. 

This  is  a continuation  of  work  begun  under  a contract  with  the  Atomic 
nnergy  Commission,  contract  No.  S-AFC-AT-30-l-366;  Apparatus  constructed 
in  the  concluding  months  of  tnat  contract  was  used  in  these  experiments. 

Some  of  the  work  performed  under  the  original  contract  is  also  reviewed  here. 

The  method  of  this  investigation  has  been  to  analyse  the  solids  formed 
in  the  discharge  under  various  conditions  and  to  compare  tnem  with  the- 
se i ids  formed  thermally  in  a heated  tube. 

A *' - r AitA i US 

An  outline  diagram  of  the  apparatus  will  be  found  in  Fig.  1.  It  was 
built  i>  allow  easy  dismantling,  cleaning,  and  reassembling.  The  electric 
pown:  supply  used  nas  beer,  described  in  the  A.S.C.  report. 

preparation  cf  reactant  gases;  Hydrogen  from  a commercial  cylinder 
was  passed  over  a catalyst  of  0,$%  palladium  on  alumina  pellets  (made  by 
Baker  0 Co„,  Inc.,  ilj  Astor  St.,  Newark,  N.«J.)  which  was  heated  in  an 
electro  f.xi.aoc  ^ 330  - 3u"f'C,  This  converted  airy  oxygen  present  to 
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water  which  was  removed  by  bubbling  through  concentrated  sulfuric  acid  twice, 
followed  by  passage  over  activated  alumina,  A rotameter  indicated  the  flow 
rave  of  the  ynrv  f-;  «n  hvnroc'en-  It  could  then  either  be  passed  directly  to 
the  reactor  oy  opening  the.  stopcock,  S-2,  or  firt*  bubbled  through  technical 
"grade  tatarrlum  "tetrachloride  and  then  through  the  needle  valve,  S-3,  into 
the  reactor-  The  stopcock,  S-l,  allowed  hydrogen  to  be  passed  into  the  air 
while  S-2  and  S-3  were  closed.  The  pressure  in  the  line  from  the  cylinder 
to  S-2  and  S-3  was  generally  maintained  slightly  above  atmospheric  pressure. 
All  lines  consisted  of  glass  tubing  joined  with  rubber  hose,  the  joints 
being  painted  with  glyptai. 

Discharge  reactors;  A bulb  reactor  used  in  the  discharge  runs  from 
March  11  through  May  2 is  shown  in  fig*  It  was  made  from  a spherical 
liter  flask  by  the  addition  of  side  arms  and  gas  exit  tube  at  the  base. 

The  electrodes  were  held  in  position  by  rubber  stoppers  in  the  side  arms 
and  extended  into  the  central  region  of  the  bulb.  The  interelectrode 
a-LSua-.ee  was  less  than  the  sum  of  the  two  electrode-wall  distances,  “Thus, 
wnen  a conducting  deposit  formed  on  the  walls  of  the  bulb  (it  did  not  form 
in  the  side  arms)  the  reactor  was  not  fchort  circuited,  ^'he  anode  consisted 
of  a copper  disc  mounted  on  a brass  rod.  The  cathode  was  a water  cooled 
copper  probe,  A pressure  gauge  or  a mercury  manometer  was  connected  through 
the  rubber  stopper  in  the  side  arm  housing  the  cathode.  The  cathode  was 
at  ground  potential .. 

The  discharge  itself  covered  only  a small  volume  of  the  bulb;  hence 
much  of  the  gas  may  have  passed  through  the  reactor  without  being  exposed 
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to  the  disrnarge.  To  avoid  this  defect  an  axial  reactor,  shown  in  fig.  3, 
was  built  and  tested  on  June  25.  .In  this  reactor  the  discharge  current 


from  an  a:-:  1 at  'inode  to  a surrounding  cylindrical,  cathode.  During 

r»  ^ r~*  v' « | **  . _ — • »■*  ^*  *■  ^ y.-rj  pGW6f  X \1H  ^ q qt  yu-  p0  y *t“,  V; 0 


tried  too  late  for  use  in  any  of  the  investigations . 


Experimental  runs  vrere  carried  out  in  which  the.  gas 


mixture  passed  through  a quarts  tube  heated  in  an  electric  furnace.  The 

system  for,  the  preparation  of  reactant  gases  and. for  the  treatment  of  reaction 

products  was  the  sane  a-t  for  the  discharge  runs.’  The  Quartz  tube  and 

fumes  were  mounted  vertically.  The  gas  entrance  tube  was  admitted  through 

a rubber  stepper  vr~  the  top.  The  connection  to  the  sample  flask  at  the 

bottom  was  the  same  as  in  a discharge  run.  The  quartz  tube  was  2,h  cm.  in  diameter. 


The  furnace  war  s foot  long.  The . temperature  was  measured  with  a thermo- 
couple in.  a Cyaarts  jacket  down  the  center  of  the  hot  tube. 


vrr,  jtmont  of  reaction  products;  Details  of  the’  sampling  procedure 
-are  given  below  in  the  section  on  analytical  results.  Two  sampling  flasks 
were  generally  employed  in  series,  ono  diroctly  under  the  reactor  and 
“connected  to  it  by  a 1 in.  diameter  tube  and  a second  in  which  glass  wool 
filtered  out  -some  v£  • iis  smoke  particles  carried  by  the  gas  stream,  A cold 
trap  was  generally  uaeo  to  protect  the  vacuum  pump.  In  some  cases  the 
gases  were  bubble-  -ib-poug-h  'water  to  remove  hydrogen  chloride,  unreacted 
titaiiiunt-betraoliloride,  and  solids  still  carried  in  the  gas  stream. 
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In  ■'he  system  for  the  preparation  of  reactant  gases  the  titanium 
tetrachloride  reservoir  was  always  held  at  room  temperature  except  for  the 
t'ay  1-2  run.  ..ith  this  one  exception  the  molar  ratio  of  the  tetrachloride 
to  hydrogen  under  equilibrium  conditions  would  be  0.016,  since  the  pressure 
of  the  hyuiuger.  was  one  atmosphere.  However,  since  the  hydrogen  was  un- 
doubtedly not  saturated  in  passing  through  the  liquid  tetrachloride,  the 
actual  ratio  must  have  been  much  lower. 

Conditions  during  discharge  runs:  Details  concerning  experimental 

conditions  in  runs  from  liarch  11  to  June  10  will  be  found  in  table  T.  In 
these  runs  the  hydrogen  flow  rate  w-is  0.6 -0.1  liters  per  minute.  *he 
temperature  of  the  bulb  ieactor  was  not  ever  70°C.  in  the  low  pressure 
runs  and  was  about  1?0°C.  in  the  high  pressure  runs. 

Flow  conditions  were  established  for  several  minutes  before  the  discharge 
war  turned  on.  At  the  end  of  a run,  after  the  discharge  and  the  titanium 
tetrachloride  flow  has  been  turned  off,  hydrogen  was  passed  through  reactor 
for  several  minutes  at  a pressure  equal  to  or  lower  than  that  during  the 
run,  ‘he  system  was  then  filled  with  helium  and  the  samples  obtained  as 
described  in  the  section  on  analytical  results. 

Conditions  < ..-mig,  hot  tube  runs:  Details  of  experimental  conditions 

in  the  thermal  reactions  of  the  hot  tube  runs  wiii  be-  found  in  table  II. 

In  the  April  28  run  the  gas  mixture  was  passed  through  while  the  tube  was 
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being  heated  up.  In  the  other  i u- ti  } who  mixture  was  admitted  after  the 
tube  has  reached  th<3  final  run  temperature  of  1100°C, 

Sources  of  impurities : The  hydrogen  was  not  checked  for  impurities 

during  the  course  of  this  work  or  during  the  A.E.C.  contract.  The  impurities 
in  the  titanium  tetrachloride  also  were  not  determined  or  identified. 

The  weight  of  oxygen  which  could  have  entered  the  system  through  leaks 
in  the  vacuum,  line  is  given  in  table  IV  for  the  runs.  In  no  case  was 
nitrogen  found  in  the  solid  product,  A run  was  made  on  April  7 in  which 
helium  saturated  with  titanium  tetrachloride  was  passed  through  the  discharge. 
Although  no  hydrogen  was  present,  a very  small,  yellow-green  film  formed 
on  the  bulb  walls  and  on  the  glass  wool  filter,  and  it.  may  have  been  due  to 
air  leak. 

In  other  runs  the  total  weight  of  solid  product  was  probably  less 
than  a gram.  Only  part  of  this  was  recovered  as  samples. 

ANALYTICAL  RESULTS 

General  Remarks:  Analytical,  work  has  been  directed  toward  identification 

and  quantitative  determination  of  all  reaction  products  obtained  when  hydrogen 
and  titanium  tetrachloride  were  passed  through  an  electric  discharge. 

Attempts  were  made  to  analyze  for  titanium  chlorides,  the  metal,  its 
hydride,  and  all  adsorbed  gases. 
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The  samples  produced  in  the  discharge  ra:*ct.ed  violently  ,rn  exposure 
to  air.  Consequently,  it  was  necessary  to  effect  aii  transfers  of  samples 
with  air  excluded,  ho  svitable  equipment  for  routine  transfers  was  available 
during  the  course  of  this  work.  The  use  of  improvised  equipment  often  re- 
sulted in  less  of  samples  due  to  accidental  con* aminaticn. 

A second  difficulty  was  encountered  in  the  assay  for  titanium  metal 
and  als  ' for  the  oxygen  content  of  the  sample.  No  chemical  method  for 
assay  of  titanium  r.ctai  is  available.  The  glass  marking  test,  to  be 
described  Later,  or  X-ray  analysis,  can  be  used  for  identification  purposes. 
In  the  absence  of  suitable  equipment  for  routine  transfer  of  samples,  it 
was  not  found  possible  to  prepare  specimens  for  X-ray  analysis,  despite 
the  many  attempts  to  dc  so.  Equipment  for  oxygen  determination  in  the 
many  possible  oxides  and  oxychlorides  of  titanium  was  not  available. 

For  this  reason,  no  assay*  for  titanium  metal  or  oxygen  arc  presented 
in  this  report.  All  titanium  analyses  given  below  refer  to  total 
titanium  present  in  all  valence  states. 

Methods;  Titanium  was  determined  in  all  samples  by  solution  in 
pyrosulfate  (fusion),  or  in  heated  sulfuric  acid  containing  ammonium 
sulfate.  This  was  followed  by  precipitation  with  cupferron.  After 
precipitation,  the  voluminous  cupferrate  was  collected  on  a filter  ard 
ignited  to  titanium  dioxide  for  weighing. 
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Total  chlorides  were d otermined  by  boiling  with  sodium  carbonate, 
precipitating  with  silver  nitrate  and  weighing  as  silver  ch3 orid® • To 
protect  the  lower  chlorides  from  atmospnerie  contamination  they  had  been 
dissolved  in  ethanol  prior  to  analysis.  Attempts  to  separate  all  of  the 
chlorides  of  lower  valency  were  unsuccessful- 

Those  compounds  in  the  sample  which  volatilized  below  50U°  were 
separated  by  means  of  a gas  train,  using  helium  as  carrier  gas.  The 
sample,  protected  from  air,  was  placed  in  a quartz  tube  and  gradually 
heated  in  a furnace.  In  this  process  volatile  titanium  chlorides, 
hydrogen  chloride,  and  hydrogen  were  liberated  and  trapped  in  evitable 
collecting  devices.  The  remaining  part  of  the  sample  was  found  to  be 
stable  in  air  and  quantitative  assays  for  chlorine  and  titanium  (in  all 
combining  states)  were  obtained. 

Samples-  The  solid  material  obtained  from  the  reactor  was  in  the 
form  of  a fine  powder  occasionally  containing  small  amounts  of  larger 
crystals.  Color  varied  from  reddish  purple  to  dull  black.  Contact  with 
small  amounts  of  air  always  produced  rapid  decomposition  as  could  he 
seen  in  the  color  change  to  white  with  evolution  of  fumes.  Samples  kept 
under  helium  generally  deteriorated  slowly  after  standing  two  or  three 
days,  “any  samples  were  lost  through  failure  to  perform  the  analyses 
before  decomposition  set  in,  and  others  were  lost,  accidentally  while 
trying  to  effect  transfer  under  a helium  blanket  from  the  sample  vessel 
to  the  analytical  apparatus.  In  such  cases,  the  oxidation  process 
itself  produced  sufficient  heat  to  induce  oxidation  of  the  metal  and 
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of  titanium  hydride , both  normally  stable  in  air.  Analysis  of  an  exposed 
sample  showed  65%  titanium  and  a trace  of  chlorine.  The  material,  whitish 
in  appearance,  resembled  the  dioxide. 

The  small  reactor  used  for  the  electric  discharge  produced  only  small 
amounts  of  material  which  could  be  collected  in  sample  flasks.  As  a 
consequence,  duplicate  analyses  for  checking  of  methods  could  net  be 
carried  out. 

The  samples  were  collected  in  several  filtration  flasks.  One  of  these 
was  situated  directly  below  the  reactor  and  was  connected  to  the  latter  by 
means  of  a rubber  tube  which  could  be  pinched  off.  The  sidearm  of  the 
flask  was  connected  to  a smaller  filtration  flask  using  a rubber  tube 
which  could  also  be  pinched  off.  The  second  flask  contained  a glass  wool 
filter  to  trap  small  particles  carried  through  the  two  receiving  flasks 
along  the  gas  stream. 

Sample  handling*  The  samples  were  transferred  from  these  receivers 
while  maintaining  the  apparatus  under  a blanket  of  helium.  Alternatively, 
various  liquids  we  u56u  as  a protective  covering:  carbon  tetrachloride, 
water,  weak  acid,  ox-  edi<u:ul.  Of  these,  ethanol  proved  most  effect- tv* 
in  preventing  sample  decomposition,  'he  liquid  suspension  could  be 
used  directly  in  the  determination  of  lower  chlorides  (oxidizable)  by 
titration  in  runs  J and  K.  In  other  runs  thu  suspension  was  first  dried 
and  all  tests  and  assays  performed  on  solid  residues  which  consisted  of 
titanium,  chlorides  along  with  some  oxygen. 
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In  any  future  work  these  sample  handling  difficulties  night  possibly 
he  circumvented  by  the  use  of  smaller,  tared  vpssels  connected  directly 
onto  the  vacuum  line  of  the  reactor  at  points  immediately  following  the 
discharge  tube.  These  could  then  be  used  as  an  integral  part  of  the 
maiyticai  scheme  without  further  transfer.  Suitable  dry  boxes  of  the 
conventional  type  which  permit  of  successive  rapid  eva'-v'at.i  on*  followed 
by  flushings  with  an  inert  gas  might  also  be  used. 

Notee  on  qualitative  t?r-t9t  The  t3st  widely  used  !n  industry  for  the 
presence  of  titanium  metal  consists  of  the  formation  of  a gioj  walk  «i;ou 
uorticles  are  drawn  with  the  finger  over  a moistenad  glass  surface.  If 
the  metal  is  present  the  surface  appears  to  be  marked  with  grey  linec  yd 
3cratch.es  may  or  may  not  appear.  Under  a microscope,  small  particles  of 
i he  metal  are  found  to  adhere  to  the  glass.  Jagged  recesses  similar  to  those 
left  by  an  abrasive  or  a diamond  point  are  not  found.  Using  this  rather 
limited  test,  traces  of  titanium  metal  were  detected  in  runs  D,  E,  I, 
and  K, 


Trivalent  titanimi  may  be  detected  in  many  ways.  The  test  found  most 
convenient  fcr  use  in  this  work  consisted  in  boiling  an  aqueous  solution 
of  sodium  acetate  with  the  sample.  A blue  coloration  develops  if 
titanium  is  present  in  the  ter  state.  Titrations  with  an  oxidant  are  not 
specific  for  trivalence  but  include  all  oxidizable  valence  less  U an  fo.r. 
in  titrations  with  0.1N  potassium  dichromaue  the  end  point  may  be  clearl’' 
se^n  without  the  use  of  an  indicator. 
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Testa  for  the  hydride  were  not  performed  because  considerable 
quantities  cf  sample  are  required  for  this  purpose.  Assays  for  hydrogen 
were  carried  out  repeatedly  and  snowed  that  tic  element  was  present  in  very 
small  amounts.  The  quantity  of  discharge  products  obtained  from  the 
reactor  was  always  low.  Consequently,  the  precision  cf  the  hyurogen  assays, 
vrnch  normally  require  considerable  quantities  of  sample,  was  necessarily 
limited. 

Notes  on  analytical  result  a:  The  composition  of  compounds  volatile 

up  to  500° C.  has  been  ascertained  for  samples  D1  and  E 2;  results  are 
shown  in  Table  V.  These  samples  had  been  protected  in  heiium  and  were 

placed  in  the  quartz  tube  of  the  gas  train.  Helium  was  used  in  this 
apparatus  to  sweep  over  the  reactor  products  remove  those  substances 
which  volatilized  as  the  temperature  of  the  quart-,  tube  was  raised. 

A water  scrubbing  tower  absorbed  hydrogen  chloride  and  volatile  titanium 
chlorides  (ai-,  tri-,  and  tetra-).  Hydrogen  gas,  obtained  either  by 
desorption  or  by  decomposition  of  the  metal  hydride,  passed  through  the 
scrubber,  was  dried,  and  converted  to  water  in  a copper  oxide  tube  heated 
to  300°C.  The  water  was  collected  in  a small  phosphorus  pentoxide  U tube 
for  weighing.  Almost  all  the  hydrogen  present  in  titanium  hydride  (limiting 
formula  TiH2)  is  liberated  between  2$0  and  U50°C„ 

Separate  assays  were  performed  for  the  hydrogen  chloride,  titanium, 
and  chlorine  trapped  in  the  scrubbing  tower.  The  non-volatile  residue 
left  in  the  quartz  tube  was  analyzed  for  titanium  only  since  all 
chlorine  had  volatilized. 
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In  different  runs  the  assays  for  titanium  and  chlorine  were  not  very 
reproducible.  In  part , this  may  have  been  due  to  the  presence  of  unreacted 
titanium  tetrachloride  which  was  adsorbed  on  the  surface  of  the  solid  partic 


It  w~s  not  poo-oitle  tc  conclusively  correlate  the  optimum  titanium  assa 
with  particular  conditions  ond^r  which  the  discharge  was  operated. 


Table  VI  lists  results  found  in  analysis  of  samples  protected  from  air 
with  a covering  of  water.  In  these,  all  titanium  cnloride-s  were  hydrolyzed, 
cut  any  metal  or  hydride  press’*  remained  unaffected.  The  formation  of 
hydrolytic  materials  would  increase  the  percentage  of  material  of  unknown 


composition,  present  in  the  sample,  since  no  ana' 


■*  v»  £■»«->  r.T'i-Wft 

J.  « J vJAj  £.  V.-.A  **  '-'j- 


carried  out.  Thus  the  titanium  and  chloride  assays  were  decreased.  However 
as  3.  first  approximation,  the  percentage  of  materials  of  unknown  composition 
could  be  correlated  with  the  quantity  of  titanium  chlorides  originally 
present -in  the  sample.  This  requires  the  postulate  that  the  portion  of 
the  -sample  which  was  of  unknown  composition  rbsui ted“'.Potir«3ly  from  the 
hydrolysis  of  titanium  chlorides. 


Roughly, 


***  - 
UJ'+X  <■ 


nf  t.  p ,* 


are  aDOui 


times  lower  than  those  for  runs  whose  products  were  kept  under  helium. 
Adsorbed  hydrogen  may  have  been  displaced  by  water  and  the  residual  hydrogen 
may  constitute  in;,  f?  action  bound  in  titanium  hydride.  This  is  only  -• 


working  hypothesis  and  no  real,  method  for  distinguishing  between  adsorbed 
and  bound  h/droga-  has  been  found. 
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Table  VII  snows  the  analytical  results  of  the  samples  obtained  and 
kept  under  ethanol  (95£.  P.G.).  Lower  chlorides  of  titanium  are  readily 
soluble  in  this  tU quid  and  can  be  easily  separated  from  the  alcohol- 
Insoluble  oomyoimds  by  means  of  simple  filtration,  tie  suits  o i the  assays 
on  the  performed  on  the  Insoluble  residue  are  also  ulven  in  this  table. 
xt  was  ascertained  by  qualitative  tests  that  chlorides  were  absent  in  this 
residue.  The  titanium  assays  of  the  alcohol  insoluble  material  were  higher 
than  others  obtained  during  previous  work,  although  the  percent  of  .unknown 
material.  Is  still -quite  large.  Significant  quantities  of  impurity  may  be 
present.  The  water  content  of  the  ethanol  {$%)  may  have  contributed  to 
the  formation  of  chlorine-free  hydrolytic  products  which  were  collected 
with  the  residue.  In  this  manner,  oxygen  may  have  been  introduced  into 
the  residue  taken  for  analysis. 


The  appearance  of  the  material,  collected  in  the'  sample  flask  below 
the  discharge  reactor~vas  much  the  same  as  that  produced  by  the  hot 
tuba  reactor.  Runs  made  using  thermal  reaction  alone  produced:  encrustations 
with  metallic,  luster-  inside  the  quartz  tube  walls.  Chemical  -analysis 
ol  the  tnermsl  samples  showed  little  variation  from  the  usual  composition 
found  xn  the  discharge-reaction  products. - 


The  methods  of  an lysis  and  of  sampling  employed  in  this  work  on 
partially  reduced  compounds  of  titanium  have  been  entirely  exploratory 
and  in  no  way  represent  more  than  a series  of  approaches  toward 
quantitative  separation  of  the  different  valences  of  titanium  in  a mixture 0 
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MISCELLANEOUS  OBSERVATIONS 


The  following  miscellaneous  observation*  made  during  the  course  of 
thi*  work  may  be  of  interest: 

1.  The  solid  formed  in  the  low  pressure  runs  was  generally  dark  red 
or  brown  in  color  while  that  formed  at  the  higher  pressures  was  likely  to 
be  light  red-puxple.  Little  relationship  between  these  color  difference* 
and  the  chemical  constitution  of  the  samples  was  found,  however. 

2.  Smoke  formed  in  the  discharge  and  could  be  seen  easily  in  the 
high  pressure  runs.  In  the  low  pressure  runs  the  material  captured  on  the 
glass  wool  filter  was  a dirty  brown.  In  the  runs  at  pressures  near 
atmospheric  the  material  was  light  rad-purple. 

3.  Above  a pressure  of  about  liO  mm.  the  discharge  tended  to  become 
unsteady.  When  it  flashed  or  sputtered  a pressure  pulse  could  be  noted 
on  the  gauge,  and  a large  cloud  of  smoke  formed. 

}, . In  the  run  of  May  1-2  the  electrical  characteristics  as  a function 
of  composition  and  pressure  were  noted.  It  was  found  that  the  resistance 
of  the  gas  at  a given  pressure  increased  with  concentration  of  titanium 
tetrachloride  until  with  pure  tetrachloride  the  discharge  became  very 
unsteady.  For  several  mixtures  of  the  titanium  tetrachloride  and  hydrogen 
the  voltage-pressure  curve  at  a given  current  passed  through  a minimum 
at  a pressure  of  about  iiO  mu. 

5.  Generally,  more  material  deposited  on  the  anode  than  on  the 
cathode. 
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DISCUSSION 


Interpretation  oi  experimental  results:  On  the  basis  of  this  work  it 

appears  that  the  composition  of  the  products  of  the  reaction  between 
titanium  tetrachloride  ant:  hydrogen  in  the  glow  discharge  and  in  the  hot 
tube  are  similar  chemically  and  appearance.  Table  VTI  shows  the  comparative 
values  of  t»u  thermal  and  one  discharge  sample.  In  each  of  these  samples 
the  assay  for  titanium  and  chloride  is  approximately  the  same, with  the 
furnace  samples  tending  to  yield  slightly  higher  titanium  assays. 

Work  of  Bock  and  Moser^  has  shown  that  in  a silent  electric  discharge 
titanium  trichloride  is  the  principal  reaction  product  between  titanium 
tetrachloride  and  hydrogen.  Compared  to  the  glow  discharge  the  silent 
electric  discharge  is  relatively  free  from  heating  effects.  It  would 
appear,  therefore,  that  the  products  in  the  Glow  discharge  are  in  part 
the  result,  of  thermal  effects. 

According  to  these  preliminary  findings  the  use  of  the  electric 
glow  discharge  for  the  production  of  titan.un  "’etal  or  hydride  does  not 
seem  advantageous. 

Evaluation  of  the  discharge  as  a method  for  producing  titanium  metal: 

It  would  seem  that  the  discharge  performs  no  important,  function  in  so  far 
as  obtaining  titanium  metal  is  concerned,  anu  its  heating  effect  is  very 
inefficient  as  compared  with  direct  heating  in  a hot  tube. 

iF.  pnCv  and  I.  Moser  Monatsh.  Yy,  11*07-29  (}?13) 
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hydrogen  arc  might  be  a means  for  attain:  ug  high  temperatures  for 
of  the  titanium  tetrachloride  to  tne  metal  . liowB^r,  the  one  experiment 
done  were,  designed  to  approach  such  conciticns,  gave  no  indication  of 
metal  production  at  all.  (See  ia'nie  I-  the  run  of  ‘-'une  10) 

Another  difficulty  to  be  overcome  is  the  separation  of  the  metal  from 
all  other  products  formed  in  the  discharge.  While  titanium  metal  was  found 
to  be  present  in  some  samples,  using  the  glass  marking  test,  most  of  the 
titanium  present  was  found  to  be  chemically  combined,  ^oeer  chlorides 
might  be  separated  by  washing  in  ethanol.  Any  hydride  present  in  the 
sample  c ould  then  be  dacoapos»„  by  neating  of  the  residue. 

SUMMARY 

A preliminary  Investigation  uf  the  compostior,  of  tre  solids  produced 
in  the  reaction  between  titanium  tetrachloride  and  hydrogen  in  a glow 
discharge  ia  reported. 

On  the  basis  of  this  work  it  is  concluded  that  the  use  of  a glow 
discharge  shows  little  promise  as  a means  for  u he  practical  production 
of  titanium  metal. 


TABLE  I*  Discharge  Hbcperiraents  between  TiCl^  and 


Bate 

Analysis 

Lumber 

Pressure 
mm.  Hg. 

Current 

amperes 

Voltage 

reactor 

across 

V 

M57*Cii  XX 

I) 

5 

0.10 

900 

13 

E 

ho 

0.12 

750 

27 

G 

70 

0.12 

900 

Arrii  13 

H 

200 

0.10 

1600 

15 

I 

350 

0.20 

1600 

Jug*  10# 

— 

?6o 

l.L 

...  .Lnn  - 

*The  electrodes 

were  tungsten  rods  in  th^s 

run.  The  prod 

net  which 

"w  5.5 

light  red  gave 
was  formed'. 

no  dark 

residue  with  water # 

and  hence  ns 

metal 

1 At31.Hi  I_l  — iiw  X 
Date 

ouutj  runs 

Analysis 

number 

Pressure 

'mm.  Hg* 

Temperature 

centigrade 

Linear  flow  rate 
cm. /sec. 

April  28* 

- — ^ 

- ho 

500 

2.3 

June  11 

K 

760 

1101 

1 - itOO 

2 3-2  It 

__  L 

760 

1100 

0.8 

•'The  tube  cracked  as  the  temperature  reached  500°C.  A small  amount 
of  colored  deposit  but  no  metallic  deposit  had  formed. 


TABLE  III  ~ Miscellaneous  discharge  runs 


Bate 

Analysis 

number 

Pressure 
min.  Kg.~ 

Current 
^amperes  - 

Voltage  acres* 
reactor  y 

April  7* 

11  - 50 

0.11 

1100 

May  1-2## 

J 

10-200 

0.08-0.30 

300-1600 

June  25  ##* 

- 

6 

0.10 

Uoo 

##*Sea 


discussion  on  Source? -of  impurities 

T -1 — - •*  - - • «—  . Z."  1.  ~t‘  V * ,-X«.  «. 


UlC’v  UOOXUli  Uiiuoi  iiJ.owOAxgjtqy  u.p  wwp<p- 

discussion  on  Eeaclora  ana  frig.  3»~ 


•••  4-  4i 

v avx.v**g  } 


«4  8 


16 


i 


Leak  rate  data 


"ABLE 


Date  Leak  rate  on  vacuum  line 

rjr..  Hg.  increase  per  hr. 


Length  of  run  Weight-  of  oxygen* 

in  fi^ura  leaked  during  run 

milligrams 


March  11 

0.2 

3.0 

o.5 

13 

1.5 

3.1 

3.5 

27 

1.2 

2.2 

2.0 

April  13 

1.2 

2.5 

2.3 

15 

1.0 

2.5 

1.9 

May  1-2 

1.5 

about  5 

6. 

April  ?** 

1.5 

o .it 

0.5 

♦Weight  calculated  using  volume  of  vacuum  system  aa  2 liter®. 
**See  discussion  on  Sources  of  impurities. 


TABLE  V 

- Analysis 

of  volatile 

components  of 

reaction  produc 

ts 

Run  M 

Vol.Ti 

Vol.  Cl 

HC1 

H? 

I’ctal  Ti. 

Unknown 

D1 

5.3$ 

12.3$ 

6.5$ 

1.8$ 

76% 

h% 

E2 

5.1 

11.5 

1.2 

2.1 

71.6 

10 

TABLE  VI 

- Analysis 

of  hydrolyzed 

reaction  products 

Unknown 

Run  # 

Total  Ti 

Total  01 

HCl 

‘*2 

D1 

66.0 

8.6 

1.3 

.11 

2h 

D2 

?8.1 

1.1 

21 

D3 

66. 1 

9.7 

.8 

22 

ml. 

56.  h 

18 

.8 

.21 

25 

03 

72.  U 

7 

.6 

2u 

u). 

51.6 

26.1 

17 

13 

68.5 

3.5 

l.U 

.13 

25 

1 


TABLE  VII  - Analysis  of  product!  taken  in  ethanol 


1 

I 

Sclubxd  m&wOrl&xS 

Run  # 

Total  Ti 

Total  Cl 

Unknown 

i 

i 

J 

U6.U 

30.9 

*-  > 

K 

18. 0 

25 

27 

L 

12.3 

->  r*,  ^ 

J<-  • J 

25 

i 

Residue  insoluble  in  ethanol 

J 

73.8 

None 

21 

, K 

9U.6 

n 

5 

: L 

5u.l 

n 

16 

1 

TABLE 

VIII  - Source  of 

samples 

Date 

Run 

Place  of 

collection 

March  11 


W 1 h 

I IO‘ 


March  13 

March  27 
April  13 
April  15 
May  1-2 

June  11 


2 i-2l 


From  glass  wool  filters ; under  helium 
Dropped  from  anode  into  water 
Water  rinse  of  reactor 
From  flask  under  reactor,  with  helium  ' 
contained  matter  dropped  from  anode 
Water  rinse  of  reactor 
Dropped  from  anode  into  water 
Material  in  water  trap 
Water  rinse  of  reactor 

Bulb  reactor  and  sampling  flask jrinse  with 
ethanol 

Furnace  sample;  ethanol  rinse  of  flask 
Furnace  sample;  ethanol  rinse  of  flask 
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TiCI  4 + H 


IlJ 

cd 


00  CD 
Z 2 


H" 

X 

LU 

<r 

o 

H- 

O 

< 


CO 

cn 

< 


u 

_i 

CL 

5 

< 

Crt 

c 

h- 


I 

(\J 

Li_ 
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